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New semiconductor materials may enable next-generation ‘spintronic’ devices 
which exploit both the spin and charge of an electron for data processing, storage, and 
transfer. The realization of such devices would benefit greatly from room temperature 
ferromagnetic dilute magnetic semiconductors. Theoretical predictions have suggested 
that room temperature ferromagnetism may be possible in the wide bandgap 
semiconductors Ga1-xMnxN and Zn1-xMnxO, though the existing models require input 
from the growth of high-quality materials. This work focuses on an experimental effort to 
develop high-quality materials in both of these wide bandgap materials systems. 
Zn1-xMnxO and Zn1-xCoxO single crystals have been grown by a modified melt 
growth technique. X-ray diffraction was used to examine the structural quality and 
demonstrate the single crystal character of these devices. Substitutional transition metal 
incorporation has been verified by optical transmission and electron paramagnetic 
resonance measurements. No indications of ferromagnetic hysteresis are observed from 
the bulk single crystal samples, and temperature dependent magnetization studies 
demonstrate a dominant antiferromagnetic exchange interaction. Efforts to indroduce 
ferromagnetic ordering were only successful through processing techniques which 
significantly degraded the material quality, suggesting a defect-related origin to the 
observed ferromagnetism. 
Ga1-xMnxN thin films were grown by metalorganic chemical vapor deposition on 
two inch sapphire substrates. Good crystalline quality and a consistent growth mode with 
Mn incorporation were verified by several independent characterization techniques. 
 xxv
Substitutional incorporation of Mn on the Ga lattice site was confirmed by electron 
paramagnetic resonance. Mn acted as a deep acceptor in GaN, suggesting that hole 
mediated ferromagnetism in this material is not possible. Nevertheless, ferromagnetic 
hysteresis was observed in the Ga1-xMnxN films. The apparent strength of the 
magnetization correlated with the relative ratio of Mn3+ to Mn2+. Valence state control 
through codoping with additional donors such as silicon was observed. Additional studies 
on Ga1-xFexN also showed a magnetic hysteresis. A comparison with implanted samples 
showed that the common origin to the apparent strong ferromagnetic hysteresis is really a 
by-product of a change within the paramagnetic ordering from isolated Mn2+/3+ 
substitutional ions. The observed magnetic hysteresis is due to the formation of Mn-rich 
regions during the growth process, which can be controlled through the use of 
antisurfactants during growth. Qualitative modeling of the magnetic signature using a 
combination of Mn-configurations replicated the observed magnetic behavior. Through 
careful and detailed studies of high-quality materials in the wide bandgap system, it was 
shown that the original intrinsic models for room temperature ferromagnetism in the wide 
bandgap semiconductors do not hold and the room temperature ferromagnetism in these 









 Next generation electronic devices may exploit both the spin and charge of the 
electron. This combination of properties enables powerful, integrated multifunction 
computing systems for massively parallel operations in the field know as spintronics. 
Efforts to develop spin-based electronic devices have been somewhat successful, with the 
caveat that only low temperature (cryogenic) operation of these devices has been 
realized. In order for widespread operation of these devices to be realized, it is essential 
that devices emerge which can operate at room temperature. New materials systems will 
be crucial towards the development of these room temperature spintronic devices. This 
dissertation focuses on two potential materials systems for the implementation of room 
temperature spintronics, transition metal doped GaN and ZnO. 
Ga1-xTMxN and Zn1-xTMxO (TM = transition metal) are part of a family of 
compounds know as dilute magnetic semiconductors (DMS). Theoretical predictions 
suggest that these wide bandgap materials are advantageous for practical spintronic 
applications relative to their narrow bandgap DMS counterparts. Room temperature 
ferromagnetism is suggested under several models. However, material of sufficient 
quality to evaluate these models was not readily available due to complications in the 
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growth of these materials. The work described herein demonstrates the development of 
these growth techniques which can be used to evaluate the suitability of these models. 
This chapter describes some of the fundamental goals of developing spintronic 
devices and various potential applications of these devices. The success of many of these 
spintronic systems requires the development of new materials. In the rest of this 
dissertation, two unique materials systems for the implementation of spin electronic 
devices will be investigated. After a review of the basics of magnetic properties and 
semiconductor growth, a discussion of how these seeming disparate properties can be 
combined into a single materials system. The prevailing theories of ferromagnetism in 
semiconductors and the necessary exchange mechanisms will be analyzed. The 
challenges for the growth and processing of these semiconductors will be discussed. 
Subsequent chapters will review the results on two such materials systems, taking the 
approach that  in order to elucidate the underlying materials physics necessary for a 
complete understand of these materials, it will be essential to produce high quality 
material so that competing effects can be eliminated. This work explores bulk single 
crystals of ZnO doped with transition metals grown by a modified melt-growth 
technique, and GaN thin films grown by metalorganic chemical vapor deposition. As was 
the case with the evolution of traditional semiconductor electronics, materials science and 
engineering of novel semiconductors will be the enabling element for next-generation 
electronics. 
1.2 The End of Moore’s Law 
 Moore’s law [1], which predicts a doubling of the of the transistor density and 
hence the processing speed of silicon-based electronics every couple of years faces 
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fundamental size-related obstacles to its continuation over the next several years. New 
methods and technologies are needed to keep the progress of semiconductor electronics 
on the semiconductor roadmap which has been driven by Moore’s Law over the past half 
century. As the size of the transistor decreases, classical physics no longer applies. 
Quantum mechanical effects start to play a role in the performance of these devices. In 
order to continue the progression of solid state electronic devices, it will be necessary to 
understand and overcome these quantum mechanical limitations.  
 An alternate approach to traditional electronics is to exploit these quantum 
mechanical obstacles advantageously, in order to build a new era of electronic devices 
based on entirely new paradigms. Some approaches which may form the basis for next 
generation electronics include semiconductor nanowires or single electron transistors. 
Another approach which may create next generation devices is the area of spintronics. 
Spintronics presents a new methodology completely independent of the traditional 
semiconductor roadmap. It is well known from even the most rudimentary sciences 
courses that the elementary particle of an electron contains both a charge and a spin. 
Electronic charge is the baseis for the current system of electronic devices. Spintronic 
devices seek to exploit this heretofore unused electron spin in order to bring about this 
next revolution in semiconductor electronics. In order to realize future implementation of 
these devices, it is imperative to understand the materials properties and processing 
which can lead to behavior suitable for spin-based electronic devices. 
1.3 The Semiconductor Periodic Table 
 In order to investigate new functionalities in semiconductor devices, it is 
instructive to look at how the materials evolution of semiconductors has occurred over 
the past sixty years, and how each advance has been enabled by the inclusion of additonal 
elements to the semiconductor periodic table, Figure 1.1. The initial point contact 









Figure 1.1: The “Semiconductor Periodic Table” of the Early 1980’s, summarizing the 
elements used to make a vast majority of semiconductor electronic devices 
 
 





and Shockley were later awarded the Nobel Prize in Physics for this landmark invention. 
It was not long before the demand for higher temperature operation, in particular those 
used in amplifiers for radar applications, necessitated the movement and development of 
silicon based electronics. These devices were first demonstrated at Texas Instruments by 
Gordon Teal and coworkers and took advantage of advances in single crystalline 
technology [2]. The silicon revolution towards faster and smaller electronics continues to 
this day. However, it was not until the advent of compound III-V semiconductors, which 
have a direct bandgap instead of the indirect bandgap in Ge and Si, that efficient light 
emitters in the early 1970’s could be produced. Early efforts in semiconductor 
optoelectronics focused on infrared emitters for data storage and telecommunications 
based on miniminzing the dispersion in optical fibers. Recent efforts in the 1990’s added 
III-nitrides to the pool of materials available for semiconductor devices. These advances 
and the corresponding development of blue and ultraviolet emitters have made even 
higher density data storage and full color display applications possible and potentially 
widespread application in solid state lighting. This trend of including additional elements 
in the semiconductor periodic table leading to new functionalities for semiconductors 
must continue for spintronics, Figure 1.2. Using the magnetic functionality inherent in the 
unpaired spins in the transition metals may provide further advancement beyond the 
paradigms of traditional electronics. 
1.4 Goals of Spintronics 
Spin-based devices offer two routes towards implementation to replace traditional 
electronic devices [3]. One case suggests that spintronic devices may have an improved 
performance over traditional electronic devices. The injection of spin polarized currents 
is predicted to be more efficient that non–spin polarized currents [4]. It is predicted that 
spintronic devices can be designed that will facilitate higher information storage densities 
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and higher speeds than today’s technology allows [5]. Such improved efficiencies have 
been already demonstrated in laser-systems [6].  
 An alternate approach to the implementation of spintronic devices is to take 
advantage of some of the unique features of the electron spin to introduce entirely new 
devices within semiconductor electronics. Novel functionalities such as reconfigurable 
logic, nonvolatile chip-based memory, and solid state quantum computing may be 
possible magnetic semiconductor systems [7, 8]. For example, nonvolatile Magnetic 
Random Access Memory (MRAM) has also recently become available commercially [9] 
and is still an intense topic of research interest for a number of consumer applications.  
Semiconductor-based spintronic devices such as spin-polarized LEDs and magneto-
optical isolators have been demonstrated [10-12]. In addition to these devices in 
production several theoretical semiconductor-based devices have been proposed 
including the Spin Field Effect Transistor (Spin-FET) [13]. These devices have not been 
shown experimentally. In the future, semiconductor spintronics could be used for the 
implementation of solid state quantum computation. A more detailed description of these 
novel devices is discussed below. 
 Spintronic devices have made a significant impact in other areas of device 
research, but in entirely metallic based systems. The original breakthrough leading to 
these developments was the discovery of giant magnetoresistance (GMR) in magnetic 
multilayered materials independently by Gruenberg et al.[14] and Fert et al.[15] in 1988.  
The first commercial devices based on spintronic GMR, including GMR sensors and 
high-capacity hard drives, became available in the late 1990’s and are now the prevailing 
technology. In this layered structure, Figure 1.3, there is a pinned ferromagnetic layer and 
a free ferromagnetic layer which are separated by a spacer. When the two layers are 
aligned in a parallel configuration, the resistance is several orders of magnitude lower 
than when the layers are in the antiparallel configuration. Thus, as the read head glides 
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over the surface of the hard disk, the fringing fields from the magnetic domains cause the 
free layer to switch; the resulting change in the resistance can be used to read the bits. 
They have led to a vast increase in the storage density of magnetic memories over the 
past decade because these heads can be made much smaller than the traditional inductive 
read heads. 
1.5 The Need for Magnetic Semiconductors 
  In order to develop and implement other spintronic devices, several issues must 
be resolved. For many computing and logic processing information application based on 
spins at the data carrier, it is essential to have a stable source of spin polarized carriers, 
and it must also be possible to reliably transport these spin polarized carriers within the 
device. This would seem to impose two requirements on the system. The first is that the 
system must have a ferromagnetic element which supports a lengthy storage of the 
electron spins. The second requirement is that the system should have a semiconducting 
portion, through which traditional device operation can be performed. At first glance, it 
may seem possible to construct a heterostructure device, Figure 1.4, with a ferromagnetic 
 
 
Figure 1.3: Schematic of a giant magneto-resistive read head arrangement, used in 
modern magnetic data storage applications. This is the most widespread application of a 














Figure 1.4: The problem with using only ferromagnetic metals and non-magnetic semiconductors is that the resistance 
scattering at the interface between the two materials can very large. Moreover, the spin polarization in some semiconductors 
can decay very rapidly away from the interface. 
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 metal element and a semiconductor element. However, the conductivities of the 
ferromagnetic metal and the semiconductor must be closely matched in order to ensure 
efficient injection of spin polarized carriers into the semiconductor [16], similar to that 
previously demonstrated in metal-metal junctions [17]. If there is a large difference 
between the conductivities of the two materials, then the degree of spin polarization in 
the semiconductor will be very low.  In order to achieve high spin polarization with a 
ferromagnetic metal source, either the conductivities of the two materials must be closely 
matched, or the degree of spin polarization in the metal must be 100%. Neither of these 
solutions is easily attainable in metal-semiconductor devices [18]. 
Another approach is to create an interface resistance that is much higher than he 
resistance of either that of the the metal or the semiconductor. This can be accomplished 
by placing a tunnel barrier – often an oxide – between the two layers, or by doping the 
semiconductor. A reverse-biased Schottky barrier serves the same purpose as a discrete 
oxide layer for the tunnel barrier. Heavily doped semiconductors can have a depletion 
region on the order of ten angstrom increasing the probability of tunneling. This also 
eliminates the complication of having to add a third layer to the structure. Several groups 
have reported successful injection of spin-polarized electrons using these structures.  
Semiconductor spin polarizations exceeding 30% have been reported using both tunnel 
barrier layers and Schottky barriers to facilitate injection [23-26]. The efficiency of spin 
injection in these structures is highly dependent on the interfacial quality [27]. 
 Other routes must be developed for room temperature device operation using spin 
polarized currents in solid state electronics [19-21]. One class of materials that show 
promise in these areas is dilute magnetic semiconductors (DMS). These are 
semiconductors doped with rare earth or transition metals to provide magnetic 
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functionality. This use of ferromagnetic semiconductors as the source of spin-polarized 
carriers represents another approach to spin injection. This eliminates the problem of 
conductivity matching at the interface. However, many magnetic semiconductors have 
Curie temperatures (Tc) that are well below room temperature, making them unsuitable 
for practical applications. There is still debate over the mechanism of ferromagnetism in 
these materials, particularly their utility at elevated (non-cryogenic) temperatures. This 
must be resolved before the potential of spintronics technology is fully realized.   
1.6 Novel Semiconductor Spintronic Device Architectures 
 Dilute magnetic semiconductors have been studied for use in spintronic devices 
because of their unique electrical and magnetic properties.[22-24] These properties allow 
control of electron spin as well as charge flow resulting in materials ideal for spintronic 
applications. Their similarity to existing semiconductors shows promise for monolithic 
integration with existing semiconductor technology. Possible applications include non-
volatile memory, spin-polarized light emitting diodes (Spin-LEDs), electronic devices 
with faster switching times and lower power consumption, and elements for solid state 
quantum computing.[25, 26] However, room temperature (RT) operation of spintronic 
devices, particularly in the all-semiconductor manifestation, has proven difficult to 
achieve. 
1.6.1 Spin Field Effect Transistors 
 The first proposed semiconductor spintronic device was the Spin Field Effect 
Transistor, which was first proposed in 1990 by Datta and Das [13], Figure 1.5. Here, a 
spin-polarized current is injected from source side of the device. The gate voltage is used 
to control the precession of spins via the Rashba-spin orbit interaction from a 
ferromagnetic emitted to ferromagnetic collector. Since the degree of spin precession is 
dependent on the volatage applies, the transport through the device will be affected by the 
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end of channel spin alignment of the current relative to that of the ferromagnetic collector 
at the drain end of the device. This control of the drain current through application of a 
gate voltage is analogous to what is seen in a field effect transistor. The potential benefit 
of this device is that is conceivably possible to perform this operation at much lower 
currents and at higher speeds than traditional FETs. This could have a great impact on the 
overall development of spin-based devices. Implementation of these structures has been 
slow due to difficulties in the fabrication and operation of these devices. Moreover, there 
are fundament theoretical disagreements on the ideal device design and, the ultimate 
practical utility of these spin-based electronic devices is still to be determined. 
1.6.2 Spin Light Emitting Diodes 
 Traditional light emitting diodes (LEDs) rely on the recombination of electrons 
and holes. The material of choice is a direct bandgap semiconductor for highest 
efficiency. Usually, the spin effect is taken into account through the use of a spin 
degeneracy factor of 2 to account for spin-up and spin-down electrons in the device. 
Normal LEDs emit unpolarized electromagnetic radiation (due to the statistical nature of 
 
 
Figure 1.5:  A schematic of a Spin Field Effect Transistor (Datta-Das transistor). In 
this device, the gate voltage is used to control the precession of spins from a 
ferromagnetic emitted to ferromagnetic collector.After [13].  
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the recombination process) over a relatively broad wavelength spectrum as compared to 
monochromatic laser sources. If it were possible to inject spin polarized carriers into the 
device, the recombination of these majority-spin electrons would lead to circularly 
polarized light upon recombination.  
 In order to understand this phenomenon, it is imperative to look at the quantum 
mechanical optical selection rules. Figure 1.6 shows a schematic of the conduction band 
to valence band transitions in a zincblende semiconductor. The matrix elements in a 
quantum well of a semiconductor are proportional to the net rate of transitions. From the 
conduction band to the heavy hole band for transverse electrical polarization, this is given 
by [27]: 
(eq. 1.1)  
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Where Mb is the bulk semiconductor transition matrix element. 
Similarly, for transitions from the conduction band to the light hole band [27]: 
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Assuming a normal incidence electron injection (θ=0o) and no splitting of the light hole-
heavy hole degeneracy, the ratio of heavy hole to light hole transitions will be 3:1. On the 
other hand, if there were a way to remove the heavy hole-light hole degeneracy, the spin 
polarization efficiency would equal the optical polarization efficiency. One way to 
accomplish this is to take advantage of the band alignment and heavy hole-light hole 
splitting in quantum wells (QWs). Many spin-LEDs have been constructed to take 
advantage of this feature in QWs, which enables optical and spin injection efficiency 
ratios nearing unity. Another method for splitting this degeneracy is to use strained 






Figure 1.6:  Radiative interband transitions and corresponding optical 
polarizations allowed by the selection rules ∆m =m ±1 for (a) bulk material in which 
the hole bands are degenerate, and (b) a QW in which the reduced symmetry lifts the 




 Photons have a net intrinsic angular momentum of +1 for a right circularly 
polarized photon and -1 for a left circularly polarized photon. Thus, in order to conserve 
angular momentum, there must be net change in angular momentum from the conduction 
band to the valence band of J = +/- 1. This leads to the four allowed transitions of the 
form: |ml(electron) ml(hole)>. 
 Of these four transitions, transitions from excitons with |-1/2 -3/2> and |+1/2 -
1/2> emit right circularly polarized photons, whereas the other two transitions, |+1/2 
+3/2> and |-1/2 +1/2>, emit left circularly polarized photons. The spin injection 
efficiency is defined as (where N↑ and N↓ are the concentrations of up (majority) and 
down (minority) spin electrons: 











whereas the optical polarization efficiency is described as (with I(σ+) and I(σ-) 
representing the intensities of right and left circularly polarized light): 
(eq. 1.4)  
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Thus, if given a completely 100% spin polarized current, the polarization efficiency 
would only be 50% due to the 3:1 ratio of heavy hole-light hole transitions in the case of 
degenerate heavy hole-light hole bands. 
 Ohno and coworkers at Tohuku University demonstrated the first successful spin 
injection in materials using a ferromagnetic semiconductor as a spin injector [10]. A 
schematic of their device and the relative spin polarization of the emission is shown in 
Figure 1.7. For these spin-LEDs, Ga1-xMnxAs magnetized in plane (along the easy axis of 
these films) was regrown on a GaAs/InGaAs quantum well setup. In the 
electroluminescence measurements, hysteresis is maintained up to 52K; above this 
temperature, the sample is paramagnetic. Photoluminescence measurements excited 





Figure 1.7: Diagram of Spin injector structure used by Ohno et al. as well as the 
hysteresis observed in the spin polarization of the electroluminescence in the GaAs 
system. From [10]. 
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 polarization is indeed due to spin injection from the Ga1-xMnxAs  layer. Barrier 
thicknesses of up to 220 nm were used without appreciable loss in the observed spin 
polarization of the device. Unfortunately, due to the low Curie temperature of the device, 
spin injection is only observable at cryogenic temperatures. In addition, although there is 
clear hysteresis observable in these samples, the degree of spin polarization is only 1% at 
6K, owing to the fast relaxation times of the holes in the quantum well. However, this 
work does demonstrate that polarized light emission is possible in the absence of a 
magnetic field with a suitable magnetic spin injector. 
1.6.3 Quantum Dots for Quantum Computation 
 Quantum wells and dots have been used extensively in traditional semiconductor 
electronics for improvement of the transport and optical behavior. These quantum 
structures may also play a key role in the eventual implementation of novel spintronic 
device architectures. In fact, one of the key drivers in spintronics research has been 
quantum computing, which would allow for massively parallel algorithms based on the 
quantum superposition of states [28]. Ferromagnetic semiconductor quantum dots (QDs) 
are one of the most promising elements proposed for solid state quantum computing, as 
they meet the fundamental requirements for Quantum Bits (QBits) [28, 29], , the 
fundamental building block of quantum computers, as outlined by Di Vincenzo [28]. 
Thus, presuming the size and arrangement of an array of magnetic and non-magnetic 
quantum dots can be controlled, it may be possible to develop a solid state analog using 
massively parallel quantum information processing alongside the modern serial 
computers.  
 Initial efforts to explore magnetic semiconductor quantum dots are already 
underway. Spin-LEDs provide a way to study spin injection into quantum dots not just 
for localized spin- LED emitters, but also for future quantum computation applications. 
Quantum dots are preferred over quantum wells due to longer spin relaxation times and 
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lower ground state energies relative to the GaMnAs; this leads to negligible field-induced 
dichroism in surface emitting structures. Gosh and Bhattacharya [30]  have developed a 
spin-LED using InGaAs/GaAs quantum dots in the active layer. Chye et al. [31] have 
also attempted to exploit the long coherence times in quantum dots in spin-LED 
structures. In this work, electron spin injection was found not to be sensitive to variation 
in quantum dot size, whereas hole injection was highly sensitive to quantum dot 
geometry. In addition, enhancement of the magnetic behavior has been observed in 
semiconductor quantum dots [49] and quantum wells [50], which might provided another 
avenue for improving the materials behavior for spintronic applications in these systems 











OVERVIEW OF DILUTE MAGNETIC SEMICONDUCTORS 
2.1 Types of Magnetism 
2.1.1 Atomistic Origins of Magnetism 
 In order to understand why semiconductors are traditionally not magnetic and 
how it is possible to introduce magnetic behavior in these materials, it is first necessary to 
look at the fundamental origins of magnetic behavior, and then analyze how magnetic 
behavior can be exploited in the development of dilute magnetic semiconductor 
compounds. Magnetism in materials arises from the fundamental property of electron 
spin, which is the intrinsic angular momentum of an electron. This instrinsic spin and the 
orbital angular momentum of an electron within an atom represent two of the four 
fundamental quantum numbers of an electron within an atom. An overall net alignment of 
these electronic spins will manifest itself as a net magnetic dipole moment for the atom.  
 According to the Pauli Exclusion Principle, no two electrons within an atom may 
have an identical set of quantum numbers. Thus electrons in an atom will first fill up the 
lower energy shells (as indicated by the first or principal quantum number). Then they 
will fill up the individual subshells (s, p, d, f) and orbitals within these subshells 
according to the lowest energy configuration. Because each orbital can hold one electron 
of each spin up and spin down, there are two electrons available in each subshell and the 
spins of a filled shell will cancel each other out such that there is no new magnetic 
moment for an atom containing entirely filled subshells of electrons. Since covalent and 
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ionic bonding within solids obey the octet rule, this generally results in entirely filled 
shells of electrons.  The outermost s- and p- subshells (or some hybridization thereof) 
will be filled with 2 and 6 oppositely spin-paired electrons within the solid; therefore, 
there is no overall net tendency for a magnetic moment in a solid resulting from the 
outermost electrons. However, it is possible for a net magnetic moment to result from 
inner, non-nonbonding d- and f- subshells.  They must be only partially filled, as is the 
case in transition metal and rare earth atoms. 
 The net magnetic moment arising from the interior shells is again the result of 
orbital filling rules associated with the Pauli Exclusion Principle, with an additional 
contribution from Hund’s Rules, which dictates how electrons will distribute themselves 
within a subshell. As electrons are added to the individual subshells of an atom, they will 
go into the orbital with the lowest energy. In the case of a partially filled subshell, 
electrons will go into either empty orbitals with the same spin or any previously occupied 
orbital instead of going into a partially filled orbital and adopting the opposite sign as 
would be required by the exclusion principle. This predilection towards partially 
occupied orbitals results from electrostatic repulsion concerns: two like-charged particles 
occupying the same orbital have a much higher electrostatic energy than two particles 
spatially separated in different obitals. Meanwhile, the tendency to align with these same 
spins in different orbitals results from exchange energy concerns: two electrons within a 
subshell lower their exchange energy by occupying the same spin, such that Hund’s 
Rules dictate that the electrons will fill all orbitals in a subshell with a like spin electron 
before these orbitals are filled with electrons of opposite spin to complete the shell.  
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In a transition metal or rare earth compound where these electrons are localized on the 
interior of an atom and not involved in bonding, it is possible to have large net magnetic 
moments on an atom even in a crystalline configuration. It is possible to introduce other 
energetic considerations which will overcome this exchange energy and align in what is 
deemed a low-spin configuration for the atom when pairing occurs within the orbital of a 
transition metal.  Figure 2.1 shows a comparison of the low spin and high spin 
configurations. Within a substitutional crystal environment, this energy is known as the 
crystal field stabilization energy (CFSE). Based on symmetry concerns, different orbitals 
within a subshell will have their energy lowered in accordance with the external 
coordination environment – depending on the strength of this crystal field it is possible to 
overcome the exhange energy, resulting in spin pair above a crossover energy. As it turns 
out, the nitride materials studied in this work are very close to this cross-over energy; in 
fact, it may be possible to optically induce a spin-crossover within these systems [32]. 





High spin Low spin
 
Figure 2.1 Comparison of a d5 atom in the high spin (S = 5/2) and low spin (S =1/2) 
under tetrahedral crystal field splitting. 
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high-spin configuration while a low-spin configuration is seen in octahedral coordination 
due to the stronger field strength. Only in the reduced bond lengths of these wide 
bandgap materials is the CFSE possibly large enough to induce this transfer in tetrahedral 
coordinated material. 
 Macroscopically, the behavior of a materials system is not determined by 
individual isolated atoms. The magnetic behavior is determined by the collective 
behavior of all of the atoms within the system. Depending on the alignment of and 
interaction between atoms within a material, the observed macroscopic behavior of the 
system can be very different. The fundamental types of magnetism in a materials system 
are described below. 
2.1.2 Diamagnetism 
Most materials exhibit an overall magnetic behavior known as diamagnetism. In the 
presence of a magnetic field, the material develops an internal magnetization opposite the 
direction of the applied field. This is a materials analogy to Lenz’s Law, where a 
changing magnetic field induces a current in a coil of wire opposite the direction of the 
applied field. This type of behavior is prevalent in materials with no unpaired electrons 
and thus no net magnetic moment internally;  adding an additional magnetic field cannot 
align the electron spins as they are already paired. Using Langevin theory, the magnetic 
susceptibility of a diamagnetic material is given by the expression: 









The diamagnetic signal is roughly independent of temperature. Only in the case of 





Figure 2.2: Macroscopic behavior observed in diamagnetic, paramagnetic and ferromagnetic materials. In a diamagnetic material, the 
internal magnetization aligns antiparallel as the material ‘rejects’ the applied magnetic field. In a paramagnetic material,the internal 
magnetization aligns weakly with the applied field, but vanished is the magnetic field is removed. In a ferromagnetic material, the 





expelled from the material through a phenomenon known as the Meissner effect. A 
schematic of the diamagnetic response is shown in Figure 2.2.  
2.1.3 Ferromagnetism 
Although diamagnetism is present in many materials, due to its weak and 
transient nature, it is not particularly useful for most applications. In order to have a 
strong macroscopic signal that is useful, a material must  possess not only extra spins on 
the atoms, but also  a mechanism by which the spins collectively align in the same 
direction. This phenomenon, a diagram of which is shown in Figure 2.3, occurs in 
materials known as ferromagnetism. Iron is one such material, hence the origin of the 
name. 
With ferromagnetic materials, an external magnetic field can be applied to align 
the extra spins on the individual atoms in the same direction. Upon removal of this field, 
 
 
Figure 2.3: Comparison of the spin alignments in a ferromagnetic (left) and 
paramagnetic (right) material. 
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a majority of these spins remained aligned in this direction through an energetically 
favorable exchange mechanism; this will be discussed later in this chapter in relation to 
magnetic semiconductors. In metals, the ferromagnetism is stabilized by interaction with 
the free electron carriers in the system; this mechanism is know as the RKKY interaction 
after the four scientists who proposed it in the late 1950’s. In order to align the spins in 
the opposite direction, an additional field must be applied with an opposite field strength. 
In general, the strength of a magnetic signature from a concentrated ferromagnet can be 
roughly 6 orders of magnitude greater than that of a typical diamagnet. Also, because the 
signal remains after the external field is removed, these materials can be used in 
applications where non-volatility is required, such as nonvolatile magnetic data storage. 
 
2.1.4 Paramagnetism 
Another alternative configuration of spins in materials whose atoms contain unpaired 
spins is known as paramagnetism. In this case, instead of having a collective alignment of 
spins on the individual atoms, the atoms are aligned in a random direction;  here the 
material has no overall magnetic moment,  since all the spins cancel. This happens in 
ferromagnetic materials above the ordering temperature (known as the Curie 
temperature), where the thermal energy of the system is able to overcome the exchange 
energy and the material loses its magnetic ordering. The overall behavior in the presence 
of a magnetic field is very similar to that of  a diamagnetic material, with the exception 
that the magnetic susceptibility (χ) is positive rather than negative. Thus, as a field is 
applied, there is a tendency for unpaired spins to align with the magnetic field; when the 
field is removed, the atoms resume their random alignment and there is no net magnetic 
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field. As this is another transient form of magnetism, it is not particularly useful, although 
paramagnetic semiconductors have been used for spin injection into light emitting 
devices in the presence of a magnetic field [33]. 
2.1.4.1 Curie-Weiss Paramagnetism 
There are actually two different varieties of paramagnetism that are pertinent in dilute 
magnetic semiconductors. The most often seen form of paramagnetic transition metals, is 
known as Curie paramagnetism. In this case, the strength of the magnetic interaction is 
inversely proportional to the temperature, such that the strength of the magnetization will 
generally only be significant at very low temperatures. Temperature dependence of the 
susceptibility to magnetism for a paramagnetic compound of this form is given by the 








χ =  
 
2.1.4.2 Temperature Independent Paramagnetism  
In some cases, the paramagnetic contribution does not obey the Curie law and instead 
takes on a temperature independent form. One such case, known as Pauli paramagnetism, 
is seen in some metals with large free electron concentrations, such as Na and Al. The 
second form of temperature-independent paramagnetism that is sometimes observed is 
known as Van Vleck paramagnetism. Van Vleck paramagnetism derives from second 
order perturbation theory constructs in quantum mechanics; it  is typically only 
significant in transition metals having an even number of unpaired electrons, such as 
Cr2+, Mn3+, and Fe2+. This behavior differs strongly from Pauli paramagnetic materials as 
a function of temperature; in that Van Vleck paramagnetism, like diamagnetism, has 
virtually no temperature dependence.  
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2.1.5 Antiferromagnetism and Ferrimagnetism 
 
Ferromagnetism requires the existence of a strong positive exchange interaction that 
causes the excess electronic spins to align in the same direction. It is not always the case 
that the most energetically favorable magnetic alignment of spins will be in the parallel 
direction. Often, even via the RKKY interaction, the most energetically favorable 
alignment is to have adjacent spins couple and align in an antiparallel direction. Like 
ferromagnetism, this will occur below a specific ordering temperature, ;above which the 
random paramagnetic alignment will prevail; in this case, it is called the Neel 
temperature. Unlike in the ferromagnetic case, there is no net magnetic moment; the 
alignment of the various spins will cancel out, as there are equal number of atoms with 
opposite spin. A schematic of the antiferromagnetic arrangement is shown in Figure 2.4. 
 An alternate case of antiferromagnetic exchange which leads to a net overall 
magnetic moment is known as ferrimagnetism. As the name suggests, it is similar, but 
weaker in magnitude to ferromagnetism. In ferrimagnetism, the net nearest neighbor 
exchange is antiferromagnetic, such that atoms couple with opposite spins. However, 
either due to a difference in the either the number of sites with the opposite spins or 
through engineering of the compound to contain elements with different numbers of 
unpaired spins on each site, it is possible to have an incomplete cancellation of the 
unpaired spins and an overall net magnetic moment in the system. 
2.1.6 Superparamagnetism 
 
Another form of magnetism which occurs only in nanostructured systems is known as 
superparamagnetism. Here, the material is not one continuous bulk system, such that the 









Figure 2.4. Schematic of the atomic configurations in an antiferromagnetic material 
and ferromagnetic material 
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into individual nanoscaled regions of ferromagnetic particles. Based on the size, 
separation, and shape of these particles, it may not be possible for the entire array of 
particles to switch their orientation simultaneously; as a result, instead of an ordered array 
of a homogeneous ferromagnetic phase, the system may behave as an array of individual 
single domain particles rather than atoms and give more of a paramagnetic like behavior. 
Because it is a collection of atoms, and not single atoms that are acting like single 
structures, this form of magnetism is known as a superparamagnetism. As a result of this 
collective behavior, it is possible to observe a blocking behavior, which means that it is 
possible to freeze this array in a metastable arrangement of spin alignments. 
2.1.7 Magnetic hysteresis curves 
 
 In order to ascertain what sort of magnetic behavior (or combination of magnetic 
behaviors) is being observed, magnetization measurement on the samples can be 
performed by using a form of magnetometry such as superconducting quantum 
interference device (SQUID) magnetometry or vibrating sample magnetometry (VSM), 
both of which are described in more detail in the following chapter. These techniques 
measure the magnetization of a sample, which is then plotted against an applied field. 
Sample magnetization curves for various types of materials are shown in Figure 2.5. For 
diamagnetic materials and paramagnetic materials, the observed magnetization, at least at 
low fields, is linear with the applied field and returns to zero after the field is removed. 
The slope of a diamagnetic signal is small and negative; for paramagnetic materials it is 
larger and positive. Ferromagnetic materials are easily identified by their loop-shaped 
hysteresis magnetization curves. When a magnetic field is applied, the sample rises to its 
saturation value as the individual domains align with the magnetic field. As the magnetic 
field is removed, the magnetization does not return to zero. Some remnant magnetization 










requires an additional field in the opposite direction, known as the coercive field, to 
overcome the ferromagnetic exchange interaction between atoms. A similar field is 
required to saturate the spins in the opposite direction, and if the magnetic field is cycled 
in the other direction, then the curve will trace out a symmetric loop shape as shown in 
Figure 2.5. Ferrimagnets exhibit a similar hysteresis behavior. Because an additional field 
that needs to be applied in order to reverse the domains, additional work is required to 
overcome the internal magnetic interactions. The area of the hysteresis curve is 
proportional to the energy expended; hysteresis loops with large areas occur for hard 
magnetswhile soft magnets produce hysteresis loops with much smaller areas. Materials 
exhibiting superparamagnetism can also show a loop-shaped hysteresis curve. At low 
temperatures, because the isolated individual ferromagnetic nanoparticles cannot respond 
to the field, they are ‘blocked’, Here, the material will have additional area in the curve 
like a ferromagnetic hysteresis loop. If the materials stay above the so called blocking 
temperature, meaning enough thermal energy is provided to prevent freezing in the spin 
configuration, then the hysteresis curve has no area and a more paramagnetic behavior is 
observed. 
2.1.8 Magnetization versus temperature curves 
 
 In order to determine the characteristic magnetic ordering temperatures of a 
material or ascertain the type of magnetic behavior it exhibits, it is often useful to look at 
magnetization as a function of temperature. A schematic of the various magnetization 
versus temperature curves are shown in Figure 2.6. Materials exhibiting diamagnetism 
show a magnetization which is constant as a function of temperature, and negative due to 
the internal repulsion of the magnetic field. Van Vleck paramagnets show similar 
temperature-independent behavior, but their magnetization is positive instead of negative 
as in diamagnetic materials. For materials exhibiting Pauli paramagnetism, the strength of 
magnetization is inversely proportional to temperature (α 1/T), such that the signal 
strength can be large at low temperatures but falls off rapidly. Magnitization curves of 
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ferromagnetic materials show a distinctive shape which is nearly temperature 
independent at room temperature, but as the material approaches the ordering (Curie) 
temperature, the magnetization drops off to zero at the phase transition where the material 
goes from ordered to disordered.  
 Magnetization behavior as a function of temperature is a bit more complicated for 
nanoclustered materials and depends not only on the magnitude of the applied magnetic 
field but also on the history of the material. For these materials systems, the typical 
measurement that is performed involves comparing field cooled and zero field cooled 
magnetization curves. Under zero field cooling, the sample is taken to cryogenic 
temperatures without the presence of the magnetizing field. The magnetic field is then 
applied, and the magnetization is measured as the sample is heated. Since the magnetic 
field is not applied until the sample is already cooled, some individual nanoparticles are 
Figure 2.6 Magnetization vs. Temperature curves showing the behavior of different 
types of magnetic systems. 
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already frozen into a state of magnetic alignment. There is not sufficient thermal energy 
at the lower temperatures for them to overcome a metastable energy barrier. Only as the 
temperature is increased does this agglomeration of particles begin to align with the 
magnetic field and the magnetization increases, eventually to some value when all of the 
magnetic particles are aligned. The magnetization of the sample is then measured upon 
cooling. Because the particles have sufficient thermal energy to realign, they remain at 
this higher magnetization and the curve does not follow the initial warming 
magnetization curve. The difference between field cooled and zero-field cooled curves is 
an irreversibility that is characteristic of spin freezing in materials, either 
superparamagnetic systems or spin glass; the point at which these two curves converge is 
known as the blocking temperature. 
2.2 Ga1-xMnxAs - the prototypical diluted magnetic semiconductor 
 The search for semiconductor materials with Curie temperatures above room 
temperature has covered a wide range of elements, compounds, and dopants. In order to 
make a semiconductor magnetic, the first requirement is that there must be either a 
transition metal or a rare earth element introduced into the lattice of the semiconductor. 
This can be done by taking either a rare earth or a transition metal compound that is 
already a semiconductor. Alternately, in an effort to monolithically integrate magnetic 
and non-magnetic semiconductors, one can introduce a transition metal into the lattice 
site as in a traditional semiconductor to form what is known as a dilute magnetic 
semiconductor. To date, most magnetic semiconductors have Tc much lower than that of 
ferromagnetic metals such as iron, cobalt, or nickel. One class of materials that has 
received much attention is concentrated magnetic semiconductors, such as the europium 
chalcogenides [34]. These materials contain a magnetic rare earth species on each lattice 
site. For low carrier concentrations, concentrated magnetic semiconductors are 100% spin 
polarized, which makes it possible to tune the conductivity by means of n-type doping to 
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match the conductivity of the normal semiconductor layer. However, they have extremely 
low Tc, and are thought to be useful only for research purposes [21]. It has been shown 
that doping of the insulating layer increases the exchange interaction for some 
concentrated magnetic semiconductors. This enhances the magnetic properties of the 
material and increases Tc with increased doping for small changes in carrier 
concentration [35]. Curie temperatures for these materials may reach as high as 150K 
with optimum doping and processing [36]. However, this increase in Tc is obviously not 
substantial enough to permit ferromagnetism at room temperature, though they remain 
valuable tools for the study of spintronics [21]. 
 The alternate approach of taking dilute magnetic semiconductors (DMS), 
consisting of III-V or II-VI semiconductor compounds doped with rare earth or transition 
metals such as Mn, shows some promise for magnetic semiconductor applications. 
However, most dilute magnetic semiconductors under investigation today also only 
exhibit ferromagnetism at cryogenic temperatures (<175K). It is imperative that materials 
be developed with Tc above room temperature so that magnetic semiconductors may be 
useful in practical spintronics applications. In order to better understand how the Curie 
temperature might be increased, it is important to examine what is thought to be currently 
the best understood DMS material, Ga1-xMnxAs. 
2.2.1 Growth of Ga1-xMnxAs   
 Due to experimental difficulties relating to the growth of these ferromagnetic 
semiconductors such as In1-xMnxAs [37] and Ga1-xMnxAs [38], the development and 
understanding of these materials was delayed until the beginning of the last decade. . 
Because of the dissimilarity of gallium to the transition metals, the relative solubility on 
the gallium sites in these materials is quite low, well below 1% in most cases. Therefore, 
non-equilibrium growth techniques such as molecular beam epitaxy (MBE) and 
metalorganic chemical vapor deposition (MOCVD) must be used to produce these 
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materials. In the arsenides (Ga1-xMnxAs and In1-xMnxAs), this problem is compounded by 
an extremely stable binary manganese arsenide (MnAs) phase. In order to prevent the 
formation of this phase, low temperature molecular beam epitaxy or other highly non-
equilibrium techniques must be used; Figure 2.7 shows the growth regime where 
Ga1-xMnxAs can be observed during MBE growth [39]. There are reports of room 
temperature ferromagnetism in MOCVD-grown In1-xMnxAs [40] and In1-xMnxAs 
quantum dots[41], but it has yet to be shown that the room temperature ferromagnetism is 
due to the dilute alloy. One possibility is the presence of coherent zincblende MnAs 
particles within the lattice which have been observed recently via transmission electron 
microscopy[42]. These MnAs particles should indeed exhibit the 330 K Curie 
temperature that has been reported. It is interesting to note that the particles, under certain 
conditions, can be found with the cubic zincblende instead of the thermodynamically 
stable hexagonal nickel arsenide structure, which indicates that it may be possible to 
embed commensurate metastable magnetic phases in the semiconductor lattice.  
 
Figure 2.7 Growth parameter window for Ga1-xMnxAs when grown by molecular 
beam epitaxy. From [39]. 
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2.2.2 Role of defects  
 The low temperature growth techniques typically used lead to a high quantity of 
native defects within the system. Large quantities of Mn interstitials act as compensating 
defects and reduce the overall carrier (hole) concentration and ferromagnetic behavior 
within the arsenides. Through careful low temperature annealing, it is possible to drive 
out these Mn interstitials, resulting in a reduction of the defect in compensation, an 
increase in the carrier concentration, and a corresponding increase in the Curie 
temperature [36] as shown in Figure 2.8. In addition to the Mn interstitials, arsenic 
antisites are also prevalent and act as double donors within these systems. In Ga1-xMnxAs 
it is fortunate that Mn acts as a relatively shallow acceptor (~100 meV above the GaAs 
valence band edge), such that even in the case where an enormous amount of defect 
compensation occurring, it is possible to overcome this compensation and get p-type 
material. These efforts in Ga1-xMnxAs stress an underlying theme in understanding the 
role of defect compensation, metastable phase segregation, and interface effects in these 
dilute magnetic semiconductors. Ultimately, for viable room temperature spintronic 
applications, room temperature dilute magnetic semiconductors are required. 
 
Figure 2.8: Magnetization of Ga1-xMnxAs layers before and after a careful low 
temperature annealing procedure which drives out interstitial Mn and enhances the 




2.2.3 Device Demonstration in Ga1-xMnxAs   
 Ga1-xMnxAs  has also been of immense importance in the field of spintronics 
because it is has provided a platform for developing prototype spin based electronic 
devices within an all-semiconductor system. A number of novel spin based electronic 
functionalities have been demonstrated in this system, ranging from electrically 
controlled domain wall motion [43], to optically induced magnetization [44] and spin 
injection based emitters [45]. A brief summary of these accomplishments is described 
below. 
2.2.3.1 Spin Light Emitting Diodes 
 As was mentioned in Chapter 1, it has been shown that Mn-doped semiconductors 
can be used as sources of spin-polarized hole carriers. Original spin injection studies were 
perfomed using paramagnetic DMS materials. Here, the spin polarization is controlled 
with an applied magnetic field, allowing for tunable spin polarization up to nearly 100%. 
Zn1-xMnxSe is easily doped n-type, and studies have shown that an applied magnetic field 
allows polarization in excess of 72% [46] when injected from the paramagnetic DMS. 
Mn is a shallow acceptor in narrow bandgap III-V materials, thus leading to p-type 
material. Ga1-xMnxAs is a p-type material and is ferromagnetic rather than paramagnetic, 
so that spin-polarization can be observed even in the absence of an applied field. It has 
also been shown that Mn-doped ferromagnetic DMS materials can be used effectively as 
sources of spin-polarized carriers. Ga1-xMnxAs injecting contacts have been used in spin-
LED structures, with spin polarization of up to 6% reported [47]. 
2.2.3.2 Esaki Diodes 
 Most of the proposed spintronic devices such as spin transistors and quantum 
computation elements are electron vice hole-based devices [46]. In addition, electronic 
spin injection is anticipated to be more efficient than hole spin injection due to reduced 
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spin orbit coupling in the conduction band, which leads to decreased spin decoherence 
[30].  Unfortunately, most of the confirmed dilute magnetic semiconductors to date are p-
type. One way to circumvent this problem and inject a source of spin polarized carriers is 
to use a spin-Esaki diode-LED arrangement as shown in Figure 2.9. Using this setup, 
Kohda et al. [48] have observed a five-fold increase in the magnitude of the EL 
polarization. When a magnetic field is applied normal to the easy axis, no spin 
polarization is observed. This particular arrangement demonstrated that even in p-type 
DMS, electron spin injection. From a practical standpoint, however, these devices are still 
limited by small polarization efficiencies (~7%) and the cryogenic temperatures (7 K) 
characteristic of Ga1-xMnxAs based devices. Electron based tunneling spin-LEDs would 
enable electron based spintronics and a corresponding increase in efficiency and speed 
[48]. 
2.2.3.3 Optically Induced Magnetism 
 One essential feature of magnetism in the band structure of magnetic materials, 
whether they be metallic ferromagnetic, half metallic materials such as some Heusler 
 
Figure 2.9:  Band structure schematic of a Ga1-xMnxAs  Esaki diode on LED structure 




Figure 2.10. Evidence for optically induced magnetization in a Ga1-xMnxAs layer. 




 alloys, or magnetic semiconductors, is a spin splitting in the density of states between up 
and down spins at the Fermi level. In magnetic semiconductors such as Ga1-xMnxAs , this 
occurs at the valence band edge. Conceivably, it should be possible to exploit this band 
splitting in order to develop new devices based on the interplay between polarized light 
and the magnetization behavior of the material. Munekata et al. have done precisely this 
in the Ga1-xMnxAs system, as shown in Figure 2.10. By using the introduction of 
polarized light of either right or left circular polarization, they have demonstrated that 
magnetization of the sample can be induced and controlled in these systems using optical 
methods. This could serve as a building block for future electronic devices based on the 
magneto-optical coupling in these systems.  
 2.3 Magnetic Exchange Mechanisms   
 Wide bandgap dilute magnetic semiconductors (DMS) show a bit more promise 
in the search for materials with Tc at or above room temperature.  It is predicted that 
among III-V compounds, nitrides are more likely to exhibit room temperature 
ferromagnetic behavior than arsenides or phophides [22]. This occurs for two reasons:  1) 
The smaller lattice constant leads to more spin-dependent interaction between localized 
spins and holes in the valence band, which in turn leads to larger ferromagnetic coupling.  
2) Ferromagnetism in compounds with small anions, such as nitrides, is not detrimentally 
affected by spin-orbit interactions, which scale as Z4. For these reasons, III-nitrides, such 
as Ga1-xMnxN, are thought to be the best option for ferromagnetic semiconductors and 
devices to operate at or above room temperature[24]. Transition metal-doped ZnO is 
another one of two semiconductors predicted by Dietl et al.[22] to have a Curie 
temperature above 300K.  
 However, the mechanism that produces this ferromagnetism is still under debate. 
It is often unclear whether the observed ferromagnetism is due to substitutional Mn ions 









generally thought that the ferromagnetic ordering in DMS, at least in the narrow bandgap 
DMS, is mediated in some way by the free carriers in the material. The specifics of this 
exchange mechanism are not clear; several theories have been developed, and these are 
discussed below. Figure 2.11 summarizes some of the potential exchange mechanisms. 
2.3.1 Dietl Free-Carrier Mediated Exchange Model 
 It has been proposed by Dietl et al.[22] that ferromagnetic ordering in Mn-doped 
dilute magnetic semiconductors is mediated by the charge carriers in the material.  This 
theory is based on earlier work by Zener in the 1950’s which was intended to explain 
ferromagnetism in transition metals [49]. Zener’s theory, however, did not take into 
account the magnetic electron character or the Friedel oscillations around localized spins.  
However, when the distance between carriers exceeds the distance between spins (carrier 
concentration is smaller than the concentration of localized spins), the Zener model is 
equivalent to the Ruderman-Kittel-Kasuya-Yosida (RKKY) model, which takes these 
effects into account explicitly.  
 When Mn is incorporated into III-V semiconductors such as GaAs, it contributes 
a localized spin and acts as an acceptor, thus leading to p-type material.  The carrier-
mediated exchange theory predicts a Curie temperature that is dependent on the localized 
spin concentration as well as carrier concentration.  Measurements of Curie temperature 
for various material systems, including GaxMn1-xAs and ZnxMn1-xTe, match these 
calculations. Given this evidence, ferromagnetism in III-Mn-V and II-Mn-VI 
semiconductors is attributed to mediation by the hole concentration in these materials. 
Using a mean field approximation to this model, the Curie temperature for other 
semiconductors can be found from the equation: 





























According to this model, there remains a great deal of room for the increase of Curie 
temperatures in dilute magnetic semiconductors.  In fact, GaN and ZnO are predicted to 
have Tc above 300K, as shown in Figure 2.12. This shows a tendency for lighter elements 
to exhibit higher Tc; this tendency arises from the fact that lighter elements have smaller 
lattice constants, leading to greater p-d hybridization in these materials and less spin-orbit 
coupling, which has a detrimental effect on Tc. The defect levels in the wide bandgap 
semiconductors may not be positioned to provide sufficient p-d overlap for this model to 
be valid. 
2.3.2 Sato and Katayamo-Yoshida Model 
 Others have employed first principles methods in calculations to predict the band 
structure of ferromagnetic semiconductors [50-53]. In this work, the authors used first 
principles ab initio electronic structure calculations by the Korringa-Kohn-Rostoker 
coherent-potential approximation (KKR-CPA) method within the local-density  
 
 
Figure 2.12 Predicted curie temperatures of some group IV, III-V, and II-VI 
semiconductors using the free carrier exchange model assuming 5% and 3.5x1020 








Figure 2.13 Calculated band structures for Ga1-xMnxN and Ga1-xMnxAs  from first 
principles calculations. The approximate contributions from s,p electrons and d-




approximation (LDA). Within this framework, it has been shown that the band structure 
of Ga1-xMnxAs exhibits a strong splitting in the density of states function in the valence 
band. The wide bandgap semiconductors also exhibit a spin-split density of states 
function; but, unlike the arsenides, in the middle of the energy gap. Sato and Katayama-
Yoshida [54] predicted using ab initio calculations that there is a ferromagnetic 
interaction between closely spaced magnetic ions in a semiconductor lattice via shared 
electrons in their d-orbitals.  This exchange mechanism leads to stronger coupling in 
materials with a smaller lattice constant because the magnetic ions are more closely 
packed. 
 Since Mn2+ has a d5 configuration, there are five-fold degenerate states in an 
isolated atom. Within a tetrahedral crystal field, these states split into doubly degenerate 
states (e) and three-fold degenerate (t2) states.  The three-fold degenerate states are 
hybridized with the p-orbitals of nearby anions, while the doubly degenerate states are 
extended into interstitial areas. If the impurity band forms in the energy band gap, as in 
the case of Ga1-xMnxN, this allows for the hopping between d-orbitals of magnetic ions.
 This ferromagnetic ordering due to variable range hopping occurs because all ions 
and conducting electrons prefer a lowest energy configuration.  According to Hund’s 
Rules, the lowest energy occurs when all spins in the incomplete d-orbitals are parallel to 
one another. In this environment, shared electrons can move among ions whose spins are 
parallel to their own. Thus, a system with the lowest possible energy is one in which all 
spins are aligned parallel to each other, allowing free movement of conducting electrons 
among the magnetic ions [55]. This lowest-energy alignment of electron spins in the d-
shells of magnetic ions provides the ferromagnetic behavior observed in magnetic 
semiconductors. 
 The original model is based on the mean field approximation, similar to what is 





Figure 2.14: Predicted Curie temperature (TC) versus Mn concentration in GaN 
using the double exchange model proposed by Sato and Katayamo-Yoshida 
(after Refs [54,206] and the indirect exchange model proposed by Litvinov et al. 




the overall magnetic interaction will be the same on all atoms, assuming a uniform 
interaction field generated by all of the other atoms. This technique has shown reasonable 
agreement in the calculated Curie temperature for many semiconductor alloys in the 
random alloy configuration, including Ga1-xMnxAs and Ga1-xMnxP [36, 56]. A calculation 
of predicted Curie temperature using this approximation is shown in Figure 2.14. 
 First principles calculations suggest that the oxide based materials may also be 
made ferromagnetic by a similar double exchange mechanism [51, 54]. Figure 2.15 
shows a comparison of the exchange energies for the ferromagnetic and 
antiferromagnetic configuration of various transition metals in ZnO. From this diagram, it 
is predicted that the majority of transition metal dopants in ZnO should give 
ferromagnetic arrangements. Mn is different than the other transition metals in this 
model, as ferromagnetism is predicted only if additional hole doping is present. These 
 
Figure 2.15 Comparison of the energy difference between the ferromagnetic and spin 




models provide additional design guidance for the dilute magnetic semiconductors, 
provided that their can be realized a correlation between the theory and experimental 
data.  
  In Ga1-xMnxN, it is predicted that the energy levels for the Mn acceptors lie deep 
in the gap [57]. This causes the wavefunctions for carriers on the transitional metal sites 
to be strongly localized, as shown in Figure 2.16. Thus, there is little overlap of the 
wavefunctions, and long range ferromagnetic exchange between isolated transition metals 
cannot take place. Disorder effects will be prevalent in the double exchange model. 
Because Zener double exchange is a short range interaction, it requires that atoms be 
nearby to have a strong effect. In the dilute case, there is a considerable difference 
between atoms uniformly spaced about the lattice and randomly spaced atoms. To 
produce uniform ferromagnetism across the system, there must be a percolative network 
of ferromagnetically coupled atoms across the lattice. If the interactions are short ranged, 
in the dilute case, the Curie temperature should be very low since there is a longer range 
function needed and thus a much weaker coupling strength. In fact, in a comparison of 
transition temperature versus Mn concentration according to the double exchange model 
with realistic Monte Carlo simulations of the atomic distribution, the predicted Curie 
temperature is less that 100K. To contrast, room temperature ferromagnetism is predicted 
when the mean field approximation is applied to this model, as shown in Figure 2.14. 
When these factors are taken into account, the simulated Curie temperature of dilute 
Ga1-xMnxN drops to <20 K. Recent reports of low-temperature MBE-grown Ga1-xMnxN 
films do indeed show a Curie temperature of 8 K in dilute Ga1-xMnxN with a 









2.3.3 Litvinov Model 
2.3.3.1 Basic Model 
 Though evidence has been shown in favor of carrier-mediated ferromagnetism in 
dilute magnetic semiconductors, there has been considerable debate as to whether this 
model is completely accurate. Non-zero Tc has been measured in samples with very low 
carrier concentrations. Also, as stated earlier, carrier concentration in Mn-doped DMS 
increases with Mn content, but this increase in Mn content also increases the 
concentration of localized spins. 
 In response to these issues, another model has been proposed, with virtual 
acceptor level-valence band transitions instead of electron-hole pair interactions, as the 
main mechanism by which ferromagnetism occurs in dilute magnetic semiconductors.  In 
this model, the local magnetic field acting on a magnetic ion is caused by a number of 
nearest-neighbor magnetic ions, so that the interaction radius is much larger than the 
average distance between spins [60]. This provides an exchange mechanism that does not 
depend on carrier concentration, and can explain ferromagnetism in DMS regardless of 
whether or not they contain degenerate free carriers, as assumed in previous theories. 
2.3.3.2 Mixed-valence Model 
 One major issue with the other theories that have been proposed is that they do 
not explicitly take into account the mixed valence character of the substitution transition 
metal ions. Depending on the local coordination environment and nature of the solid, it is 
possible through various filling of the d-electron levels to have various valences of the 
transition metal atoms; for example, in Fe3O4, both trivalent (Fe
3+) and divalent (Fe2+) 
iron is present. In the transition metal doped tetrahedrally coordinated semiconductors, 
the valence state of the transition metal can be varied be varied through a number of 
techniques, as the transition metals introduce midgap states in most semiconductors. 
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Thus, based on the background compensating defects as well as through the introduction 
of other dopant species, it is possible to shift the chemical potential in these materials 
such that the equilibrium atomic configuration shifts. For example, shifts from 3+ to 2+ in 
Ga1-xMnxN are possible as is discussed is subsequent chapters of this thesis. Furthermore, 
although this feature has been observed experimentally, most theories do not directly 
account for this variability in the valence state of the transition metal. However, recent 
models using a mean field approximation to this indirect exchange mechanism do show a 
strong correlation between the Fermi level position relative to the Mn2+/3+ acceptor level 
and the predicted Curie temperature, as shown in Figure 2.17 [61]. In this graph, the 
position of the Fermi level drops below this level, indicating a transition to the trivalent 
Mn-condition. Because this uses a mean field approximation, it may not necessarily be 
quantitatively accurate given the range functions involved with these exchange 
interactions; but qualitatively there is good agreement between coexistence of the Mn3+ 
state and strong ferromagnetism in the system, as described in more detail later in this 
thesis.   
 
 
Figure 2.17 a) Percolation critical temperature as a function of different range functions 
b) Percolation critical temperature for various Fermi level positions for different range 
functions. From Ref [61] 
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2.3.4 Bound Magnetic Polaron Model 
 Though Mn concentration and carrier density appear to play a role in mediation of 
ferromagnetism in dilute magnetic semiconductors, the randomness of the Mn ion 
distribution must be taken into account. Berciu and Bhatt [62] have proposed a model 
that describes hole-mediated exchange in magnetic semiconductors while allowing for 
this random distribution. 
Berciu and Bhatt base their theory on an impurity band of hydrogenic centers with 
spin –1/2 that are coupled to electrons in their S=5/2 state in the half-filled Mn d-orbital. 
The theory predicts that for low doping concentrations just above the metal-insulator 
transition (MIT), randomness of the ion distribution leads to an increase in Tc.  This is 
attributed to the fact that in areas of higher Mn concentration, holes tend to hop between 
several Mn sites, thus lowering their total energy.  This results in close coupling of these 
closely spaced Mn ions, which in turn leads to spin polarization at higher temperatures 
and thus higher Tc. However, the reverse also holds true for regions of lower Mn 
concentration, although simulations show that a random distribution does in fact lead to 
an increase in Tc [62]. At very high Mn concentrations, Mn-Mn ion interactions become 
important.  Also, at high hole concentrations, it may be necessary to include the band 
states in addition to the impurity band.   
2.3.5 Donor-Impurity Band Exchange Model 
 Another recently developed theory of ferromagnetism in these suggests that the 
origins of the magnetic behavior may not be related to interactions between intrinsically 
pure material. Instead, the defect centers are essential for mediating ferromagnetism in 
these materials. This observation was based partially on the observation that in ZnO thin 
films, there was a strong correlation between the magnetic moment and the interfacial 
area [63]. This work introduces the possibility that it is not the pure bulk material which 
leads to an overall ferromagnetic behavior, but rather the defects and interfaces play a 
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crucial role in determining the overall magnetic behavior of the system. In this case, the 
magnetic interaction is also mediated through the percolation of bound magnetic 
polarons, which in this case are centered on a donor. For ZnO, this donor has been 
suggested to be an oxygen vacancy defect, i.e. an f-center. Thus, in order to achieve a 
strong long-range magnetic interaction, it is essential to have an adequate number of 
vacancies, as well as a sufficient carrier concentration, such that ferromagnetic 
percolation may take place. This approach seems to have some evidence in the oxide 
based materials, and may have some extension to the counterintuitive d0 ferromagnetism 
[64] and unusual ferromagnetic interaction observed in copper-containing materials [65]. 
Recent evidence in solution-grown ZnO nanocrystals suggests that there is evidence for 
p-type impurity band interaction in Zn1-xMnxO and n-type band in Zn1-xCoxO [66]. 
However, because the polaronic radius is inversely proportional interaction to the depth 
of the impurity level within the band, it is unlikely that percolation would be achievable 
at low concentrations with a deep donor or acceptor center, as is the case in nitrides. 
Figure 2.18 shows a schematic of the band splitting induced by this model. 
 
Figure 2.18 Comparison of three different possible impurity band alignment. The first 
would lead to comparatively low temperature ferromagnetism, whereas the latter two 
would result in high temperature ferromagnetism. From [63] 
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2.3.6 Transition Metal Clustering Models 
 It is imperative to note that the well-accepted arsenide DMS are grown by 
techniques such as low-temperature molecular beam epitaxy (LT-MBE) in order to avoid 
phase segregation. As this technique uses a non-equilibrium growth method at a 
temperature that minimizes diffusion during growth, it can be termed ‘far-from-
equilibrium’. On the other hand, the nitride materials to date have not necessarily been 
produced by such far-from-equilibrium techniques, but instead are produced using 
methods which require either elevated temperature or post-growth elevated temperature 
processing. Figure 2.19 shows some potential atomic distributions of transition metal 
atoms within a dilute magnetic semiconductor lattice. The degree to which the transition 
metals exhibit a completely random distribution, a completely phase-separated 
distribution, or some sort of intermediate phase where the Mn atoms are embedded in 
clusters within the material, will have a profound impact on the observed magnetic 
behavior, at least according to some first principles calculations.  
2.3.6.1 Van Schilfgaarde Model 
 In order to determine the ultimate origin of ferromagnetic behavior in the diluted 
magnetic semiconductors, it is essential to analyze the local arrangement of Mn atoms 
within the semiconductor lattice, and also to look at the variation in exchange energies of 
the system according to the relative orientation and coupling between nearby Mn atoms, 
in particular in dimer and trimer configurations. Upon performing an analysis using first 
principle local spin-density approximation density functional theory calculations, Van 
Schilfgaarde and Myrasov found that relative to isolated Mn atoms, the formation of 











Figure 2.19: Schematic showing some potential atomic configurations that can be present when a transition metal is doped into a 
semiconductor lattice.  
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of the interaction energy between the ferromagnetic double exchange and 
antiferromagnetic superexchange, predicts that the ferromagnetic arrangement is 
thermodynamically stable. Thus, as the Mn arrangement shifts from random to dimer- 
and trimer-like, there is a predicted thermodynamic tendency towards the formation of 
high Tc ferromagnetic clusters within the system. Cr shows similar behavior and a similar 
tendency towards strong ferromagnetism, whereas Fe shows a strong predilection for 
antiferromagnetic ordering. This would provide a method for elucidating this model 
through the variation of the incorporated transition metal within the lattice. Based on a 
change in growth conditions in the Ga1-xMnxAs system, with a transition to higher 
temperature and chemical vapor deposition environment, it has been suggested that this 
model adequately describes the anomalously high Tc in MOCVD-grown In1-xMnxAs. 
Whether MOCVD-grown Ga1-xMnxN will exhibit a similar clustering tendency as in 
In1-xMnxAs is still yet to be determined. 
2.3.6.2 Rao and Jena Model 
 Other models using first principles calculations have extended the theoretical 
analysis into clusters in the Ga1-xMnxN  system. In particular, Rao and Jena [67] have 
used a molecular orbital theory and a generalized gradient approximation for the 
exchange-correlation energy to show  that the presence of nitrogen stabilizes the 
formation of Mn-rich clusters, and also tends to result in a ferromagnetic arrangement of 
Mn atoms in these small nanoclusters. Anomalously high magnetic moments can be 
observed from  these clusters, to a value of roughly 17 µB for a Mn4N cluster. Rao and 
Jena have theorized that this may be the origin of the high Tc ferromagnetism which is 
often seen in the literature, but this is extremely difficult to verify experimentally due to 




Figure 2.20: Phenomenological model and band filling as a route towards room temperature ferromagnetism in the GaN based 
dilute magnetic semiconductors.* 
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2.3.7 Phenomenological Models for Ferromagnetism in Ga1-xMnxN 
 In spite of considerable theoretical efforts to develop an underlying theory of 
ferromagnetism in Ga1-xMnxN, there are several experimental observations that are 
difficult to reconcile with the prevailing theories of ferromagnetism [68]. In order to 
reconcile this disparity, some experimentalists have sought to explain the observed 
experimental observations [69]. One such model states that the ferromagnetism in the 
wide bandgap nitrides is mediated by hopping conduction of carriers in a mid-gap spin 
polarized impurity band, as shown in Figure 2.20. This mechanism, at least on the 
surface, is similar to a de Gennes-type double exchange mechanism [70], which is 
observed in some transition metal perovskite compounds. This is consistent with 
experimental observations of a midgap absorption feature as well as experimental 
evidence of hopping conduction in these materials. Moreover, recent results, as shown in 
Figure 2.21, exhibit a decrease in magnetization with decreasing temperature, which has 
been attributed to carrier freezeout within the system [71]. This approach seems to 
phenomenologically describe the observed results; however, the localized nature of the 
midgap d-electron states [57] precludes the overlap of the electron wavefunctions, which 
is essential for the formation of such an impurity band. Thus, in order to understand or 
 
Figure 2.21: Temperature dependence of M vs T curve and its relation to carrier 
density and resistivity in MBE-grown Ga1-xMnxN  with a Tc > 400 K. From Ref [70]. 
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prove the validity of this model, it will be necessary to understand how such a robust and 
long range ordering can be achieved with what is typically a short-ranged interaction. 
 The rare earth-doped nitrides show a different trend and different phenomenon 
which appears to be at work in these systems, at least according to a another 
experimentally developed phenomenological model. In contrast to the observation of 
ferromagnetism in the transition metals, which obeys typical expectation values for the 
magnetization strength relative to the concentration, giant magnetic moments have been 
reported in Ga1-xGdxN [72]. Because there is no way to wholly attribute the reported 
magnetic moments to the rare earth concentration, it has been suggested that the Gd 
atoms polarize the spins within the GaN lattice and contribute to the overall 
magnetization in the sample. It is unclear which free spins become polarized, whether 
they are associated with carriers, point defects, or surface atoms. Such giant 
magnetization has also been reported for other materials systems; but if this mechanism 
holds, it is unclear why it sometimes appears in GaN, but does not appear in other 
materials systems. In addition, there are other reports  of magnetization in the normal (on 
the order of one Bohr magneton per atom) regime [73] in grown samples of the same 
material system. Whatever the mechanism for high temperature ferromagnetism, 
particularly if it is due to one of these phenomenological models, at some point there 
must be a convergence of the solid state physics and the observed materials behavior.  
2.3.8 Superexchange Interactions 
  Another omnipresent exchange interaction in these materials is the coupling of 
nearest neighbor transition metals through the shared anion. This mechanism was 
demonstrated by Lewicki et al.[74] as the major mechanism in effect for the II-VI dilute 
magnetic semiconductors. Magnetic ordering in Mn-doped dilute magnetic 
semiconductors stems from interaction of magnetic cations via a shared anion. This 
mechanism, known as superexchange, involves the virtual hopping of carriers between 
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completely filled p-orbitals of anions and half-filled d-shells of the magnetic Mn2+ 
cations.  In order for electrons from both adjacent atoms to occupy the same p-level, they 
must be opposite in spin based on Pauli Exclusion Principle considerations. This leads to 
an antiferromagnetic coupling of nearest-neighbor cations through a shared anion. 
Magnetic susceptibility measurements of Mn-containing ternary and quaternary 
semiconductor compounds with varying energy gaps show that susceptibility is 
independent of energy gap, but not independent of Mn mole fraction [74]. Also, 
estimations for second-nearest-neighbor interactions show that they are much smaller 
than nearest-neighbor interactions, which supports the superexchange theory [51].  
  The magnetic moment of Mn in II-VI materials was found to be S~5/2, which is 
expected for the 3d5 high-spin configuration for Mn2+.  This indicates that Hund’s Rules 
are fulilled in the high spin configuration and that the interaction results in hybridization 
of the p-orbital in the anions and the d-orbital in the magnetic cations. The crystal field 
stabilization energy, at least in the narrow bandgap materials, is insufficient to induce a 
transition into the low spin configuration. Superexchange is also present in the nitrides, 
although the strength of the exchange integral is roughly one order of magnitude less than 
in the oxide-based materials [75]. 
2.4 Obstacles to the Growth of Wide Bandgap Diluted Magnetic Semiconductors 
 Despite  the considerable interest in these novel materials systems, there are 
several challenges to the development of both GaN and ZnO-based wide bandgap dilute 
magnetic semiconductors. Just as these materials were developed later for typical 
electronic applications, the challenges in the production of GaN and ZnO for spintronic 
applications have also caused  the study of the wide bandgap materials to lag behind  
their other III-V and II-VI counterparts. Any discussion of the relative difficulties must 
address issues in creating lattice-site incorporation of a phase pure semiconductor; these 
are discussed in more detail below. 
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2.4.1 Phase Segregation 
 As mentioned before, the relative solubility on the gallium sites in these III-V 
materials is quite low, well less than 1% in most cases. Therefore, non-equilibrium 
growth techniques such as molecular beam epitaxy (MBE) and metalorganic chemical 
vapor deposition (MOCVD) must be used. In the arsenides (Ga1-xMnxAs and 
In1-xMnxAs), this problem is compounded by an extremely stable hexagonal binary 
manganese arsenide (MnAs) phase. In order to prevent the formation of this phase, low 
temperature molecular beam epitaxy or other highly non-equilibrium techniques must be 
used. 
 The nitride-based ferromagnetic semiconductors will have considerable obstacles 
to their fabrication as well. In particular, the roles of phase separation and magnetic atom 
clustering have not been well investigated in the nitrides. A number of phases have been 
reported to form under non-optimal growth and annealing conditions, including GaxMny 
intermetallics, Mn6N2.58, Mn3N2, and Mn4N [76-78]. Note that none of these are 1:1 
binary compounds, and thus they may have very different nucleation and growth 
behavior than in the arsenides. The Mn4-xGaxN1-y series is of considerable interest 
regarding the ferromagnetic behavior of these materials. This materials system has been 
shown to be one of the key decomposition products under annealing or non-optimal 
growth of these compounds [79, 80]. Due to Ga-Mn site disorder, it can result in a 
ferrimagnetic metallic perovskite phase with Curie temperatures ranging from 270 K to 
743 K [81]. Similar Curie temperatures have been reported in the literature, and this 
phase does have structural properties where it is commensurate with the wurtzite lattice 
[82]. In addition, the growth temperatures used in the preparation of the nitride-based 
materials are often much closer to normal processing temperatures that what is reported 
for Ga1-xMnxAs. Methods such as ion implantation, which are not suitable growth 
techniques for DMS behavior in the arsenides, have been reported to produce 
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ferromagnetic Ga1-xMnxN. All of these behaviors point to a very different mechanism in 
the production of the nitride based materials relative to the arsenides.  
 The use of II-VI compounds such as ZnO and II-IV-V chalcopyrites presents an 
attractive alternative for achieving high transition metal concentrations within the lattice. 
Based on simple Hume-Rothery considerations, the transition metal solubility on the 
group II site should be much higher. In fact, at temperatures of 700oC, the solubility limit 
has been established to be greater than 10% in ZnO [83]. However, this comes at the 
expense of a major problem with respect to the second criteria. Specifically, p-type 
doping in ZnO is difficult, and it is unrealistic to assume that such high hole doping 
levels will be possible in this II-VI system. 
2.4.2 Lattice Incorporation and Carrier Concentrations 
 In the arsenide-based dilute magnetic semiconductors, Mn is incorporated on the 
group III lattice site. Based on the electron affinity of the transition metal, this compound 
acts as a shallow acceptor, roughly 100 meV above the valence band edge of the GaAs 
system [57]. As such, the introduction of Mn has the simultaneous beneficial effect of 
introducing free carriers as well as the residual d-spins necessary for magnetic behavior. 
This lattice site incorporation is essential, as non-lattice site occupancy would produce a 
neutral or donor impurity state. In addition, the presence of Mn and the low growth 
temperatures used promote the formation of other defects, including Mn interstitials and 
arsenic antisites, both of which act as donor species and compensate for the free electron 
concentrations imparted to these materials. Thus, for the development of future 
electronics based on the wide bandgap materials, it will be essential to understand how 
the processing conditions affect the defect structure of the systems, though nitrogen 
antisites are highly energetically unfavorable in the nitride system [84]. 
 Another controversial aspect of ferromagnetism in the nitrides compared to the 
arsenides is carrier concentrations within the material. According to the original mean 
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field theory, the carrier concentrations to observe ferromagnetism are typically about 1020 
cm-3 with Mn concentrations of 5%. Similarly, in ferromagnetic II-VI DMS, the carrier 
concentration can be controlled through external dopants, and with an increase in carrier 
concentration, an increase in the magnetic ordering temperature is observed. Such high 
hole concentrations are unlikely in the nitrides and oxides, as typical p-type carrier 
concentrations are roughly two orders of magnitude lower in the nitrides and nearly non-
existent in the oxides. Moreover, the observed background carrier type in Ga1-xMnxN is 
usually n-type [85]; otherwise, the material is highly resistive. Temperature dependent 
resistivity measurements have indicated that activated variable range hopping is the key 
transport mechanism within these materials [71]. In addition, strong ferromagnetism is 
observed at Mn concentrations well below 5%. These observations are inconsistent with 
validity of any sort of free carrier mediated mechanism for the nitrides. 
2.5 Current Experimental Status of Wide Bandgap DMS 
2.5.1 Current Experimental Status of Transition Metal Doped ZnO 
 Since the prediction of room temperature ferromagnetism within the wide 
bandgap semiconductors, numerous attempts have been made to produce these materials. 
This has resulted in a number of reports of ferromagnetism in the Zn1-xMnxO and 
Zn1-xCoxO materials systems by numerous production methods, including pulsed laser 
deposition [86-88], ion implantation [89, 90], molecular beam epitaxy [91], and solid 
state reaction [92, 93]. The results to date are still somewhat controversial, and so far 
there is not a convergent picture of the processing techniques and criteria to routinely and 
reliably obtain room temperature ferromagnetism. In spite of this, there are several 
reports of ferromagnetic behavior in the Zn1-xTMxO systems for TM=Mn, Co, and Fe[89, 
90, 92, 94, 95]. Figure 2.22 shows the diversity and disparity of the reported magnetic 






























































Figure 2.22 Experimental results in the Zn1-xMnxO system for samples grown by a 
number of different methods. Depending on the growth technique, behavior ranging 
from paramagnetic dominated by antiferromagnetic superexchange interactions to 
room temperature ferromagnetism at dilute concentrations has been observed. Growth 
methods are labeled as A- magnetron sputtering, B- modified melt growth, C- 




ferromagnetic behavior is largely a function of the processing conditions; often, highly 
non-equilibrium methods are still needed to produce ferromagnetic material, including 
low temperature solid state reaction methods[92] or post-process vacuum annealing of 
thin films grown by pulsed laser deposition[101]. It should be noted that neither of the 
two routes for observed ferromagnetic behavior is consistent with standard ‘high quality’ 
semiconductor material. Moreover, these experiments have been plagued by highly 
process-dependent properties, very often with minimal reproducibility [86].There are also 
several reports for Zn1-xMnxO and Zn1-xCoxO that do not exhibit ferromagnetic 
behavior[98, 99], and recent results have provided evidence that ferromagnetism in 
Zn1-xMnxO is not an inherent property of the system but could be due to secondary phases 
or clusters[102].  To date, it has been difficult to ascertain whether this ferromagnetism is 
an intrinsic property of the material or an artifact of certain production methods. This 
problem is further complicated in thin film measurements, as any magnetic signature 
from the substrate can significantly contribute to the measured signal. 
2.5.2 Transition Metal Doped GaN 
 The search for Ga1-xMnxN films that exhibit ferromagnetism above room 
temperature has been facilitated by recent developments in the growth of DMS. A 
summary of sample data of the reported magnetic data in the literature for Ga1-xMnxN is 
shown in Figure 2.23 [75, 77, 79, 82, 103-112]. Room temperature ferromagnetism has 
been reported in Ga1-xMnxN films grown by molecular beam epitaxy (MBE)[85], post-
growth diffusion [82], and in Mn-implanted GaN epilayers[113, 114]. Ferromagnetic 
behavior is still highly controversial, as there are several competing theoretical 
approaches to explain the origin of room temperature ferromagnetism in group III nitrides 
[22, 54, 62, 63]. The thermodynamic tendency towards forming ferromagnetic second 
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Figure 2.23 Summary of some of the reported experimental results in the Ga1-xMnxN 
system for samples grown by a number of different methods. Ferromagnetic behavior 
near or above room temperature has been observed for thin film samples prepared by 
several non-equilibrium growth techniques. Data points below the horizontal dashed 
line have other than ferromagnetic behavior. Growth techniques are abbreviated as 
follows :MBE – molecular beam epitaxy, MOCVD – metalorganic chemical vapor 
deposition,  a – ammonothermal growth, b – ion implantation , c– molecular beam 
epitaxy,  d- gas phase reaction, e – post growth diffusion, f – nebulized spray pyrolysis, 
g – metalorganic chemical vapor deposition 
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 Ferromagnetism which is closely coupled with the free carriers in the system 
would be ideal for a majority of room temperature spintronic devices[22, 54, 62, 74]. 
Curie temperatures (TC) of up to 940 K [109] have been reported, depending on growth 
conditions.  
There are limited reports involving Mn-incorporation into GaN films grown by 
metalorganic chemical vapor deposition (MOCVD) at dopant concentration levels [115]. 
The magnetic properties of MOCVD-grown Ga1-xMnxN with requisite manganese 
concentrations for DMS behavior are largely unexplored in the literature. RT 
ferromagnetism in Ga1-xMnxN is also still controversial;  the materials are insulating and 
do not exhibit band edge magnetic circular dichroism [116], which is an indicator of 
mean-field DMS behavior in Ga1-xMnxAs. Additionally, second phases such as GaMn or 
Mn4N have been observed through transmission electron microscopy (TEM) and x-ray 
diffraction (XRD) in heavily-doped samples produced by MBE [76, 78]. These phases 
are sometimes attributed as the sole source of ferromagnetism in these materials. 
Furthermore, there is little evidence at this time to support the conclusion that the 
currently produced RT ferromagnetic films of Ga1-xMnxN have any coupling between the 
free carrier concentration (either in the valence or in the conduction band) and the 
magnetic centers, which would be required for practical spintronic applications. 
2.5.3 Discussion 
 Several features of the reported ferromagnetism in these materials are not well-
understood in light of the cluster and phase separation based models. In addition, the high 
Curie temperatures reported are not completely consistent with any of the prevailing 
theories of ferromagnetism. Presumably, if the ferromagnetic behavior were due to phase 
separation or clustering, then increasing the transition metal concentration or clustering 
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should increase the formation of these magnetic phases and the magnetic signature. In 
fact, the opposite is observed in both Ga1-xMnxN and Zn1-xMnxO:Sn[90, 112]; increasing 
the Mn concentration reduces the magnetic contribution per atom due to increasing 
superexchange, and the ferromagnetic behavior can even be destroyed upon heavy 
alloying.  
 It has been suggested that clustering leads to the observed hysteresis, though these 
clusters have yet to be observed in ferromagnetic samples via electron paramagnetic 
resonance[117], extended x-ray absorption fine structure measurements[79], and/or 
transmission electron microscopy[118]. In fact, it has been demonstrated that an 
overwhelming percentage of atoms will reside on the lattice sites in Al1-xCrxN [119]. 
Clustering cannot explain the strength per magnetic atom observed in optimized 
Ga1-xMnxN growth either, since almost all of the Mn atoms must be involved with 
clustering to achieve the measure magnetization values. When clustering and second 
phases do become visible via x-ray diffraction, there is the similar expected 
superparamagnetic cusp in the zero field cooled magnetization behavior that is not 
observed in phase-pure ferromagnetic samples.  
 Some irreversibility is commonly observed in the published ZFC/FC curves of 
homogeneous thin films. The double exchange model looks promising as an explanation 
for  the ferromagnetic behavior, but this interaction is typically short range. At dilute 
concentrations, it would require third or fourth nearest neighbor interactions to be 
ferromagnetic in order to form a percolation network resulting in ferromagnetic behavior. 
First principles calculations do suggest that up to fourth nearest neighbor interactions 
may couple ferromagnetically along certain directions, but at energies far less than would 
be needed for room temperature ferromagnetism[57]. If indeed the double exchange 
model holds, it must be demonstrated why this typically weak and short-ranged 
interaction can result in robust ferromagnetism in these materials. 
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 Much of the confusion regarding the nature of ferromagnetism in dilute magnetic 
semiconductors results from the difference in growth methods used to produce these 
materials. This can result in material of widely varying quality. Though all of these 
reported samples may nominally be termed Ga1-xMnxN or Zn1-xMnxO, these samples can 
exhibit vastly different observed materials properties due to the dissimilar nature of the 
structural and electronic defects within the material. Thus, in order to separate out 
intrinsic properties of the material from those that could be caused by artifacts of the 
growth technique used, it is imperative to be able to grow high-quality material. This 
study focuses on two such techniques in the wide bandgap materials system: melt growth 
and metalorganic chemical vapor deposition (MOCVD). For ZnO, it is possible to grow 
high quality single crystals using modified melt growth techniques [120]. Because the 
predicted solubility limit of transition metals in ZnO can be high, these carriers can be 
introduced in the melt phase of growth at dilute concentrations. For GaN-based materials, 
metalorganic chemical vapor deposition is regarded as the choice for producing high 
quality material for electronic and optoelectronic devices. This technique has overcome 
the limitation of not having lacking a lattice-matched substrate and has also circumvented 
the p-type doping issues, without some of the polarity and inversion domain problems 
that plagued the early years of MBE GaN seen in other growth techniques. It remains to 
be shown whether or not these two growth routes are suitable for producing high-quality 







3.1 Bulk Single Crystal Growth of ZnO 
3.1.1  Overview of Bulk growth methods 
One of the key features in the rapid development of semiconductor electronics 
over the past several decades was the realization and implementation of high quality, 
ultra-pure single crystals [2]. In addition, the ability to produce single crystals of ZnO is 
one of the drivers for investigating this materials system as a competitor to GaN for 
lighting applications, as homoepitaxy naturally leads to higher quality material and 
enhanced device performance [121] III-nitrides are generally limited to heteroepitaxial 
growth, as high quality GaN substrates require an excessive pressure to produce and 
cannot be done in large wafer form. Recent efforts to grow these substrates through 
hydride vapor phase epitaxy have shown some success in reducing the defect densities 
[122, 123]. 
Single crystal growth techniques generally fall into one of three categories: 
growth from a melt, growth from solution, or vapor phase deposition growth. The most 
commonly used method for the growth of silicon single crystals is the Czocralski 
technique, where a seed crystal is used to pull a larger crystal from a melt of the sample 
to be grown. This technique works well for Si and other materials such as sapphire, but 
its use for ZnO is less well-established. Another technique that is suitable for high-
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volume synthesis of ZnO single crystals is hydrothermal growth [124, 125]. In this 
technique, ZnO crystals are growth through precipitation onto single crystal seeds in an 
autoclave. Though this process can produce nominally large single crystals, the process 
requires the use of mineralizers such as lithium in order to control the growth of these 
crystals. These additives can be problematic, as they often are incorporated and diffuse 
into the single crystals and lead to electronic compensation of carriers found within the 
materials or lead to complications in the formation of electronic devices based on these 
materials.  
3.1.2 Cermet Melt Growth method 
This work focus on single crystals grown by another technique performed in 
collaboration with Cermet Inc. The high quality melt grown crystals were produced using 
a proprietary pressured melt growth process[120, 126]. This approach exploits a patented 
method of melting and crystallizing materials that have volatile components or have 
thermodynamic instabilities at or near the melting point of a material. A schematic of the 
growth apparatus is shown in Figure 3.1. The system used an RF induction melting 
process. Eddy currents developed in the material result in joule heating of the system. 
Reaction with the crucible is prevented through water cooling. This process has several 
advantages over other growth techniques; issues with crucible reactivity, crystal 
contamination and decomposition have been minimized sing a high pressure variation of 
the established induction melting technique. Using this technique, both undoped crystals 
and crystals doped at various levels of up to 5% Mn and Co were produced. In order to 














Figure 3.1 Schematic of the growth setup used for the growth of the bulk single 
crystals used in this study. 
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manganese precursor were introduced to the ZnO precursor powder prior to start of the 
melt growth process.  
3.2 MOCVD growth of GaN 
3.2.1 Challenges to GaN crystal growth  
 
The development of GaN based semiconductors occurred much later than other 
group III-V and group IV semiconductors, primarily because a number of materials 
related challenges for the growth of these materials. For example, whereas silicon devices 
were developed in the mid-1950s and GaAs-based devices appeared in the 1970s, it was 
not until the early 1990s that gallium nitride based devices began to appear. The 
challenge that exist with the MOCVD growth of GaN still persist to this day and are an 
intense area of both academic and industrial research. 
The first major problem that needs to be overcome for the growth of gallium 
nitride is the lack of a suitable lattice matched substrate for GaN. Ideally, for the growth 
of high quality material with a low dislocation density, homoepitaxial growth is 
preferred. However, because GaN is a refractory material with a melting temperature in 
excess of 1800 K, it is very difficult to produce single crystals of GaN by the standard 
single crystal growth techniques. An alternate approach is to use heteroepitaxial growth 
techniques ideally with a lattice matched substrate, as this can also lead to a low epitaxial 
strain and a lower critical thickness before the appearance of misfit dislocations. 
However, even the identification of latticed matched substrates in GaN is problematic. 
Instead of being the cubic zincblende structure as is common in most III-V 
semiconductors, the equilibrium phase of GaN is the hexagonal wurtzite phase. Thus, 
there are fewer substrates available simply because of the lower relative number of 
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hexagonal compounds to cubic compunds. Figure 3.2 shows a plot of the bandgap energy 
and lattice parameter diagram of GaN and some heteroepitaxial substrate materials. The 
most widely used candidates are the 6-H polytype of SiC, which has a lattice mismatch of 
3.6%, and sapphire (corundum), which through a 30° rotation to a [1-100]GaN||[11-
20]Al2O3  epitaxial arrangement has a 16% lattice mismatch.  
The second major obstacle to the growth of GaN-based devices lies in the 
difficulty in p-doping the material. Both n- and p-doping are essential elements of 
heterostructure based devices including heterojunction bipolar junction transistors and 
light emitting diodes. The background intrinsic defects in GaN are almost universally n-
type because the valence band minimum is far from the vacuum level [127]. Moreover, 
no shallow acceptors are known for this material. Thus, it is difficult to overcompensate 
the intrinsic defects and introduce sufficient hole carriers in III-nitride devices in order to 
produce heavy p-type doping in these materials. In fact, it was the simple realization of p-
type material that was one of the key advances for mainstream introduction of the III-
nitrides, as described below.  
3.2.2  Historical perspective  
 
The development of GaN based electronic and optoelectronic devices required 
new paradigms and advances in the growth processes used in order to overcome the 
obstacles described above. It was recognized very early on, in the 1970’s, that GaN had 
the potential as a wide bandgap direct emitter to push technology towards the blue end of 
the spectrum, but the materials issue were never resolved as material of sufficient 
crystalline quality could be produced. In was the groundbreaking work of Akasaki 






Figure 3.2 Bandgap versus lattice constant diagram for various III-V and II-V semiconductors 
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epitaxial layers [128]. The layers act to buffer and relax the strain between the sapphire 
substrates and the epitaxial layers. Once these layers are recrystallized at a high 
temperature, they provide a suitable template for the growth of high quality epitaxial 
layers on top, though with dislocation densities several orders of magnitude greater than 
what is found in other III-V semiconductors. Later work by Nakamura et al. allowed for 
the development of GaN buffer layers [129]. The other major issue with respect to GaN 
materials, p-doping, was also solved by Akasaki in the late 1980’s [130]. Though Mg is 
not a shallow dopant in GaN as the acceptor level is roughly 200 meV above the valence 
band edge, it can still provide a suitable level of p-doping. The problem in early studies is 
that the MOCVD growth process is performed in a hydrogen atmosphere. When Mg is 
introduced, it forms a neutral Mg-H complex which substituted in the lattice. No p-type 
conductivity is observed in the as-grown material as all of the acceptors are passivated. It 
is only through careful annealing procedures which disassociate the Mg and H that the 
Mg acceptor becomes activated and contributes to observable p-type conductivity.   
3.2.3 Overview of GaN growth 
 
After these major issues were resolved, there was a rapid upshoot and 
development of reactor technology and commercialization of III-nitride based devices, 
and the growth of GaN has become widespread in industry and academic laboratories. 
The principle of metalorganic chemical vapor deposition is relatively simple. Precursors 
of the compound to be deposited are introduces into a heated reactor vessel. The 
precursors for the Group III compound is often a metalorganic, which is transported to 
the reactor via a carrier gas which bubbles through the liquid source. The group V 
precursor is often a hydride, such as arsine, phosphine, or ammonia. Near the substrate 
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surface, these precursors will pyrolyze, or disassociate with heat. The atomic species then 
adsorb to the surface and diffuse until they assemble it the form of a crystalline 
compound semiconductor thin film. 
 A convenient method for monitoring the growth of GaN is through in situ 
reflectance. GaN is transparent in the visible spectrum, so a light beam passed 
perpendicular to the same will not be significantly absorbed. Based on differences in the 
refractive indices of the substrate and epilayer, reflections will occur at the interface of 
the materials, as well as at the epilayer-atmosphere interfaces. Because of constructive 
and destructive interference depending on the thickness of the film, it is possible to 
measure the growth of the film through the use of Fabry-Perot oscillations in the 
reflectance spectra. In addition, the reflectance spectrum also provides a way to monitor 
the various steps which are occurring during the growth process. Figure 3.3 shows a 
typical in situ reflectance spectrum for a GaN layer growth.  
 The first step taken during GaN MOCVD growth on a sapphire substrate 
is to anneal the substrate is a nitrogen atmosphere. This helps to clean the sapphire 
substrate and nitride the surface; the increase in reflectivity at this time is due to a change 
in refractive index with temperature. The sample is subsequently ramped down to a lower 
temperature, around 530°C, and a low temperature buffer layer is deposited. The sample 
is then ramped back up to the growth temperature (>1000°C), and the 3-D low 
dimensional growth is allowed to recover, and subsequent coalescence of the islands 
leads to an increase in the reflectance signal. Once the islands have coalesced, the growth 
mode transforms from 3-D to 2-D layer-by-layer growth, and Fabry-Perot oscillations are 
visible for the remainder of the growth, provided the surface remains specular. 
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In order to grow a high quality GaN films, it is essential to optimize the gas flow 
conditions and V-III ratio. Trimethyl gallium (TMG) is often used as the metalorganic 
gallium source as it has a high vapor pressure, is relatively stable in liquid form, readily 
disassociates at the growth temperature, and is commercially available in ultrapure 
quality. The nitrogen source is more problematic, as there are no good organic nitrogen 
sources which disassociate at low enough temperature and crack cleanly so that they do 
not result in carbon contamination of the as-grown films. Ammonia (NH3) is usually used 
as the nitrogen source and undergoes pyrolysis at a temperature in excess of 800°C. 
Efficient cracking of ammonia is difficult to achieve, such that the V-III ratio during the 
Figure 3.3 A typical in situ reflectance curve for a GaN device structure 
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growth of typical GaN films is near 2000-3000 in order to ensure that there is sufficient 
nitrogen available to be incorporated into a stoichiometric film. 
3.2.4 Modified GaN growth capability at Georgia Tech 
 
The GaN growth system at Georgia Tech used in this study is based on a 
commercial system but has been specially modified to account for some of the challenges 
that will be faced in the development of the transition metal doped III-nitride dilute 
magnetic semiconductors. A photograph of the growth tool is shown in Figure 3.4; the 
reactor is on the left in this image and the load lock used to transfer the wafer carrier into 
the reactor is shown in the right hand side.. The system is designed to accommodate 
growth temperatures ranging up to over 1200oC. Moreover the system has been designed  
 








to be able to rapidly switch between two carrier gases, such that depending on the 
environment and chemistry, either nitrogen or hydrogen can be used as the carrier gas. 
Another potentially significant modification to this reactor system is shown in Figure 3.5. 
In this schematic, a diagram of the dual injector blocks used in the system, which allows 
for the segregation of the Mn precursor from the rest of the precursors used in the process 
up until the point that they are introduced into the reactor. This could be significant, as 
very little is known about the use of Mn during the MOCVD process, and is essential to 
avoid gas phase prereactions or precipitation in the lines if high quality material is going 
to be grown with Mn incorporated into the GaN layers. 
3.2.5 Transition metal precursor selection 
 
One particular concern is the compatibility Mn precursors with the current GaN 
growth chemistry. The growth conditions must be selected such that the transition metal 
incorporates substitutionally on the gallium sub-lattice and will not segregate or form 
precipitates. Mn sources have not been specifically developed for compound 
semiconductor growth and are not be available in a sufficient quality to allow the growth 
of high quality Ga1-xMnxN. Moreover, most transition metal sources, particularly those 
used to produce semi-insulating templates of Ga1-xFexN for HEMTs have very low vapor 
pressures compared with the traditional GaN precursors, and as such it will be difficult to 
observe lattice levels of incorporation on the Ga site. Figure 3.6 shows a comparison of 
the vapor pressures of a typical transition metal sources based on the bis-
cyclopentadienyl sources used in this study compared with that used for the other group 
III sources such as trimethyl gallium. Note that the difference between these vapor 
pressures is roughly three orders of magnitude at a given temperature. Under some 
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growth conditions, some percentage of the Mn (or Fe) may also reside in interstitial sites 
resulting in the compensation Mn on the Ga sub-lattice.  If this occurs it is likely that the 
concentration of interstitial sites will vary depending on the stoichiometric conditions for 
nitrogen incorporation. Another concern is the development of a growth process for 
Ga1-MnxN that is compatible with GaN. In particular, the efficient incorporation of Mn 
may require growth temperatures below those normally used for GaN, i.e. < 1000oC. It is 
critically important that the Mn does not react with other metalorganic sources or 
nitrogen source gas such that it polymerizes and then does not incorporate into the 
growing layer. In order to address these issues, the selection of the bis-cyclopentyldielnyl 
manganese and iron precursors (Cp2Mn) were used. Though these materials have a low 
vapor pressure, they are similar to the know chemistry for the p-type dopant, and should 
thus be more straightforward to introduce into the growth process.  
 
Figure 3.6 Vapor pressure versus temperature graph for  the standard MOCVD 
gallium sources and some p-type and transition metal dopant sources 
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3.3 Characterization Techniques 
In order to understand the physics behind what is occurring in these dilute 
magnetic semiconductor materials, it will be essential to perform detailed 
characterization studies to first understand exactly what sort of material has been grown, 
and secondly to use a combination of these various techniques in order to correlate the 
materials properties in an attempt to understand the underlying physics. A brief overview 
of the characterization techniques used in this study is provided below.  
3.3.1 X-ray diffraction  
 
One of the most fundamental studies used to characterize the structure of 
materials is X-ray diffraction. This technique uses the principle that waves interacting 
with atomic planes in a material will exhibit the phenomenon of diffraction. A schematic 
of the diffraction process is shown in Figure 3.7. X-rays incident on a sample are 
scattered off at an equal angle. At certain angles of incidence, x-rays scattering off of 
neighboring parallel planes of atoms will inteferere destructively. At other angles, these 
waves will interefere constructively and result in a large output signal at those angles. 
These constructive interferences occur when the path length difference is an integer 
multiple of the X-ray wavelength, or when the Bragg condition is met for these X-rays, 
given by the famous expression: 
θλ sin2dn =  
For powder diffraction, this technique is useful for determining lattice parameters and the 
composition of substances, as there will be a large number of planes of various 
orientations, all of which contribute to the generation of the x-ray diffraction patterns. In 
epitaxial single crystal thin films, however, the situation is different, as there is only one 
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family of planes parallel to the growth axis.  Thus other information related to the 
crystalline quality and strain in the thin films can be ascertained from diffraction data 
through other X-ray measurements, such as rocking curves (ω scans), reciprocal space 
maps, superrlattice peaks, and x-ray reflectivity. Moreover, if one wants to examine the 
crystalline quality of off-axis reflections, it is important the goniometer have a full range 
of motion such that it can tilt the diffraction planes of interest into a position 
perpendicular to the beam of the diffractometer. Studies used in this work were 
performed using a Philips X’pert MRD-pro 4-circle diffractometer using a 
monochromatized CuKα as an x-ray source. 









Figure 3.7. Diagram of the experimental geometry for X-ray diffraction 
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Other approaches that provide information related to the electronic structure of 
the material also involve the interaction of the material with electromagnetic radiation, 
this time near the visible regime where bandedge and defect related transitions are known 
to occur.  
3.3.2.1 Transmission 
Optical transmission consists of shining a lighnt source through a sample and 
observing the spectrum of transmitted light on the other side. This technique is useful 
absorption related features that may or may not show up during luminescence 
measurements. It can provide an indication of the optical bandedge within a 
semiconductor material, and for the dilute magnetic semiconductors in this study, be used 
to observe transitions related to internal d-shell transmissions, which very often end up in 
the ultraviolet or the infrared. Transmission measurements for this work used two 
different setups. UV-Visible transmission was performed on bulk ZnO samples using a 
Varian–Cary 500 UV-Vis spectrometer. In addition, transmission measurements were 
performed in the infrared portion of the spectrum using an XBO lamp. Transmission 
 
(a) band-to-band transition
(b) free electron to acceptor level
(c) donor electron and free hole recombination 
(d) donor-acceptor transition
(e) transition within a localized luminescent center
phonon emission
photon emission














measurements were performed using the red and infrared spectrum of a halogen lamp.  
The transmitted light was detected by a photomultiplier attached to a 0.24 m 
monochrometer with a spectral resolution of better than 1 nm for emission and better than 
6 nm for transmission. 
3.3.2.2 Photoluminescence 
Another technique for determining information about the band structure, and 
more importantly the defects within the sample, is photoluminescence. In this technique, 
electron-hole pairs are generated by the application of an incident laser beam on the 
surface of a sample. These electrons-hole pairs will recombine, often through radiative 














Figure 3.9 Diagram of a typical photoluminescence setup 
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pathways are shown in Figure 3.8. By measuring the wavelength of the emitted photon 
from the observed recombination, information can be derived about the band structure, 
donor and acceptor levels, defect types, impurities, crystalline quality, and defect 
densities with the materials system. Figure 3.9 shows a schematic of the experimental 
setup used in a photoluminescence study. In studies of these materials, various excitation 
sources were used including a frequency-doubled Ti:sapphire laser, a He-Cd 325nm 
laser, or Ne-Cu 248 Nm laser system. The detected light was passed through a 
monochrometer and detected using either a IXIS100 CCD camera or photomultiplier 
tube.  
3.3.3 Atomic Force Microscopy 
 
Atomic force microscopy is a useful technique for deriving atomic-resolution 
information about the surface morphology in these samples. Figure 3.10 shows a 
schematic of the atomic force microscopy setup. In this technique, an atomically sharp tip 
mounted at the end of a cantilever is scanned across the surface of the sample. A laser 
light is reflected off of the top of the cantilever, and the position of the reflected laser spot 
on a position sensitive photo detector (PSPD) can be used to very precisely measure the 
amount of deflection in the cantilever and thus the contours of the surface.This can either 
be done at a constant height above the sample and the force is measured, as is the case of 
non-contact mode, or using a fixed force measuring the deflection of the cantilever. Other 
scanning probe microscopes extend the utility of this technique to include the interaction 
with other forces. For example, magnetic force microscopy is useful for imaging the 
domain structure of magnetic materials using the deflection based on the strength of a 



























analyzed using ex-situ experimental AFM in a PSIA XE 100 in both contact and non-
contact mode.  
3.3.4 Electron Paramagnetic Resonance 
 
Electron paramagnetic resonance (EPR) is a technique which allows for the 
analysis of the nature of point defects as well as their localized atomic environment. It 
provides distinct chemical state information as well as a positive indication of the local 
atomic environment. A schematic of the principles of EPR are shown in Figure 3.11 
[131]. In the presence of a magnetic field, the energies of the ground state of an ion will 
undergo a Zeeman splitting, which increases as the strength of the magnetic field. At 
nominal magnetic fields, the magnitude of this splitting is comparable to the energy of a 
photon in the GHz range. Thus, it is possible, under the influence of a magnetic field, to 
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Figure 3.11 Fundamentals of electron paramagnetic resonance. From [130] 
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induce transitions from the ground state to an excited state of the ion through the 
application of radiation in the microwave range. By varying the magnetic field, there will 
be a resonant absorption feature when the energy of the Zeeman splitting is precisely 
equal to that of the incident radiation.  
The calculation of where these expected resonance features are expected to occur 
can be calculated through a detailed analysis of the Spin Hamiltonian for a particular ion 
and localized environment. Moreover, it is possible for EPR spectra to provide more 
detailed information about the localized atomic structure through observation of 
hyperfine lins from the interaction of the electron and nuclear spins. Because the ground 
state and degree of splitting of these atoms is dependent on the local symmetry of the ion 
and direction of the applied magnetic field, through a comparison of the predicted curve 
over a range of applied magnetic field and angles, it is possible using this spectroscopy to 
get detailed information on the local atomic environment.  
3.3.5 Secondary Ion Mass Spectrometry 
 
In dilute magnetic semiconductors, as is the case in most other semiconductor 
devices, it is important to be able to figure out the atomic concentration of different 
alloying elements within the lattice.  One way to perform this measurement is to use 
secondary ion mass spectrometry. In this destructive technique, ionized particles of are 
accelerated towards the materials to be measured. The sputtered particles are then 
captured via a mass spectrometer, which counts the amount of particles of a given mass. 
Through comparison with a standardized sample to account for the differing sputter 
yields of the sample, it is possible to back out the concentration of an element within the 
host materials. This method can be very sensitive and depending on the particle and 
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source ion, measure concentrations of an element on the order of 1017 cm-3. However, 
some resolution and accuracy is lost at alloying concentrations because of changes in the 
secondary ion yields. In this work, SIMS depth profiles were performed using an 
Atomika Instruments Ionmicroprobe A-DIDA 3000. 
3.3.6 Raman Spectroscopy 
 
Raman scattering spectroscopy is another technique which employ light wave-
matter interaction to probe certain materials properties. Specifically, Raman scattering 
measures the interaction of light via ineleastic scattering from an incident laser beam off 
of a material. One method for inelastic scattering is to transfer this energy into lattice 
vibrations or phonons. The energy of these lattice vibrations is quantized and a function 
 
 
Figure 3.12 Optical phonon modes in the wurtzite GaN structure. From [131] 
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of the local bonding and atoms involved in the structure. Thus, by measuring the energy 
transferred to or from phonons to photons, which is manifested as a Stokes or Anti-stokes 
shift in the inelastically scattered light source, valuable information regarding the quality 
of the thin films can be gained. These generally appear as a weak peak, several orders of 
magnitude weaker than the laser line, which must be filtered out in order to observe the 
Raman signal. Figure 3.12 shows the optical phonon modes and their vibrational 
direction in the wurtzite lattice. 
 The modes that can be observed are highly sensitive to the polarization of the 






















incident light and the orientation of the crystal upon which the laser light is incident. 
Porto notation is a convenient method for identifying the direction that the laser light is 
incident on a crystal, observed, and the polarization of the light in each case. The form of 
this notation is a(b,c)d, where a is the direction of the incident beam, b the polarization 
direction of the incident beam, c is the polarization direction of the scattered beam, and d 
is the direction the scattered light is observed. Table 3.1 lists the modes for the wurtize 
lattice, and the corresponding Porto notation for the scattering geometries for which these 
modes are active [132]. Raman spectroscopy measurements in this work were performed 
to determine the crystalline quality using a Renishaw micro-Raman system with a 488 
nm excitation source. 
3.3.7 Hall Effect Measurements 
 
The electrical carrier concentration and carrier type are a critical element in many 
of the prevailing theories of ferromagnetism in these materials. In order to get more 
detailed information on the carrier concetration and carrier type, Hall effect 
measurements are a standard characterization technique which can be performed. A 
schematic of the Hall effect is shown in Figure 3.13. This technique takes advantage of 
the fact that moving charged particles in an electric field are subject to a force 
perpendicular to their direction of motion, the Lorentz force given by: 
( )BvqF ×=  
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Thus, a continuous electrical current in a magnetic field will deflect electrons and holes 
to opposite sides of the sample, setting up an internal electric field which introduces a 
electrostatic force opposing the Lorentz force. Through a measurement and the sign of 
this Hall voltage, the carrier type and concentration can be extracted, if the conductivity 
is known. 
In thin film samples, two-dimensional transport dominates and it is not practical 
to construct thin film samples of the geometry shown in Figure 3.13. This can be 
mitigated by measuring samples in the Van Der Pauw geometry. In this experimental 
setup, ohmic contacts are mounted at the corners of a convex quadrilateral or circular 
sample. Through cycling of the currents and voltages through the four contacts and 
varying the sign of the magnetic field, the carrier concentration in these samples can be 
extracted. In this work, Hall effect measurements were performed on Ga1-xMnxN and 
Ga1-xFexN layers using indium alloy contacts. An Ecopia EKS Hall effect measurement 




Figure 3.13 Schematic of the Hall effect measurement in a p-type sample.  
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In order to determine the macroscopic magnetic properties of the two materials in 
question, two forms of magnetometry were performed. Measurements were taken 
between 5 K and 300 K on these samples using these two techniques. 
3.3.8.1 SQUID magmetometry 
 
Superconducting interference device (SQUID) magnetometry is the standard 
measurement technique for highly sensitive magnetization studies. In this form of 
magnetometry, a magnetic sample is drawn through a coil of superconducting wire in the 
presence of a magnetic field. The moving magnetic field from the sample induces a 
current in the wire, which through signal processing can be analyzed and converted to a 
signal proportional to the magnetization of the sample. The noise floor on this technique 
can be as low a 10-8 emu, which would make it ideal for studies of dilute magnetic 
systems.  In addition, the superconducting magnet and coil must be cooled to cryogenic 
temperatures, as the critical temperature for the superconducting wire coil is 20 K. Thus, 
for the measurement of low Curie temperature materials this technique is ideal because 
this apparatus already requires liquid helium. Moreover, it is easy sing this setup to 
perform high sensity field cooling and zero field cooling experiments without a need for 
an additional oven or cryostat which degrades the sensitivity. In these experiments, 
SQUID measurements were performed using Quantum Design MPMS-5 magnetic 
property measurement system. In a majority of experiements, the magnetic field of the 
sample was applied in the plane of the sample. 
3.3.8.2 Vibrating Sample Magnetometry 
Another form of magnetometey that was used in these studies was vibrating 
sample magnetometry (VSM). In this setup, the sample is mounted on a sample tail and 
 
95 
placed between the coils of an electromagnet. The magnet supplies a field, which the 
sample is oscillated at a known, low frequency. The moving magnetic field from the 
sample induces a current in the pick up coils, which is sent, amplified, and converted to a 
known magnetic signal. This technique is nice because it is inexpensive and fast for 
routine measurements. However, it is much more difficult to perform low temperature 
studies, as it needs an additional cryostat. In addition, with these dilute samples, the 
magnetization of the sample is very often much less than that of the sample holder, such 
that the data must be background corrected in order to pull out the data from the sample 
from the measurement noise. In addition, the noise floor on this measurement technique 
is two orders of magnitude greater than what it is for the SQUID measurement technique, 
so it is difficult to measure very weakly magnetic samples. In this work, measurements 
were performed using a Lakeshore 7404 Vibrating Sample Magnetometer, with the 








BULK SINGLE CRYSTALS OF TRANSITION METAL DOPED 
ZINC OXIDE 
  4.1 Overview 
 In the study of dilute magnetic semiconductors, II-VI compounds enjoy several 
advantages. Relative to the III-V compounds such as Ga1-xMnxAs and In1-xMnxAs, there 
is a longer history of development for these materials. This is primarily due to solubility 
concerns, as the transitional metals are more chemically similar to group II compounds 
(such as zinc) than the group III compounds. As such, the chemical solubility on the 
lattice site is much greater in the II-VI materials, and it is much more straightforward to 
dope Mn at high concentrations into these compounds. However, the chemical solubility 
is concomitant with an isovalent doping process; thus, transition metals in the II-VI 
compounds do not generally contribute carriers on their own, as required by many of the 
ferromagnetic models. Moreover, II-VI devices have a number of inherent materials 
instabilities which render them more difficult to employ in traditional electronic devices. 
These problems also influence their implementation in spintronic devices 
  Another problem regarding the origin of ferromagnetism in the II-VI compounds 
is the dichotomy that between bulk versus thin films. In the III-V systems, all of the 
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Figure 4.1 Schematic summarizing some of the experimental reports of ferromagnetism in the literature 
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segregation, non-equilibrium techniques must be used, which eliminates the possibility of 
bulk growth techniques. In the nitride system, bulk crystallites have been produced; but 
without significant acceptor codoping, these crystallites exhibit high background donor 
defect concentrations. This drives the Fermi level towards the conduction band and the 
substitutional Mn into a paramagnetic d5 state [75]. In zinc oxide, the reports of 
ferromagnetism are vastly disparate, and ferromagnetism has been reported in thin film 
and nanostructured form [90-92, 96-100]. Figure 4.1 summarizes the reports of 
ferromagnetism and the growth techniques used from a sampling of the current literature. 
The background intrinsic defects in ZnO will also be mostly of donor character. If the 
free carrier (hole) mediated mechanism holds for these compounds, this may be 
prohibitive to the observation of ferromagnetism in these materials, but this is yet to be 
determined.  
Nevertheless, bulk crystals have a number of advantages over thin films for the 
analysis of these materials. One problem with the analysis of thin films is the background 
magnetic signal from the substrate, which is often much larger than that of the thin film. 
Also, defects associated with the growth mechanism have been observed to result in 
clustering of the magnetic impurity atoms or clusters near the substrate-film interface 
[133]; this could significantly complicate the magnetic analysis of these systems. It has 
also been suggested that the defects themselves associated with the interface have an 
inherent magnetic moment themselves [63]. The use of bulk crystals eliminates these 
complications. Moreover, these bulk single crystals can then be employed as 
homoepitaxial substrates or latticed matched substrates for the growth of ZnO- or GaN- 
based ferromagnetic semiconductors by thin film growth techniques, such as 
 
99 
metalorganic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE) 
[112]. This could potentially enable control of spin injection and coherence times in these 
materials relative to the dislocation densities in future studies. 
4.2 X-ray Diffraction of Zn1-xTMxO 
 The most prevalent feature of individual transparent crystals of transition metal-
doped ZnO is their distinct color with varying transition metal doping. The cobalt doped 
samples show a striking green color, which deepens with increasing cobalt incorporation. 
Similarly, the Mn-doped samples possess a range of reddish colors, from a pale orange 
for the samples doped at <0.1% Mn, to a deep red for the samples doped at closer to 5% 
alloying content. Iron doped single crystals exhibit a yellow color. Photographs of the as-
grown crystals are shown in Figure 4.2. UV-visible transition measurements taken from 
these samples confirm that the color trends are caused by interatomic transitions within 
the divalent transition metal dopant atoms, as reported elsewhere [97] and discussed in 
more detail below. 
Figure 4.2 Photographs of Mn- and Co-alloyed melt grown single crystals. 
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High-resolution x-ray diffraction shows no evidence of secondary phases in either 
the Zn1-xMnxO or the Zn1-xCoxO samples at concentrations up to 5%. The as-grown 
material in the x-ray diffraction scans appears to be completely-oriented single crystals. 
No peaks are attributable to second phase formation. Pole figure analysis is consistent 
with the assertion that these are single crystals. In some cases, particularly with heavy 
transition metal doping, indications of small angle grain boundaries within the nominal 
single crystal are visible in the scans of the sample. Only c-axis (0002) and (0004) peaks 
were visible in the ω−2θ scans at doping levels up to 5% Mn and 3% Co, as shown in 
Figure 4.3. Phi scans from the asymmetric (102) reflections clearly revealed the 6-fold 
symmetry of the wurtzite structure.  The measured c-axis lattice parameter was 5.207Å in 
 
Figure 4.3 High resolution x-ray diffraction scans of various ZnO crystals. Only the 
basal plane reflections are present, and there is no indication of secondary phases. 
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the undoped sample, but increased with Mn incorporation to a value of 5.211Å at the 5% 
Mn-doping level, as measured from the growth conditions. The difference in these values 
is close to the experimental error in the measurement,; however, using multiple c-axis 
reflections through the (0006) reflection and a Bradley-Jay extrapolation function, a 
larger c-axis lattice parameter was observed for all of the Mn-doped samples. 
An increase in lattice parameter was not conclusively demonstrated in the Co-
doped sample, owing to the more similar more similar tetrahedral ionic radii of Zn2+ and 
Co2+. The tetrahedral ionic radius of Zn2+ is 0.074 nm, compared to 0.072 nm for Co2+ 
and 0.080 nm for Mn2+. Crystal quality was observed to decrease with increasing 
transition metal concentration as evidenced by 2θ−ω scan linewidths, increasing from 78 
arcsec in the undoped sample to 252 arcsec at 5% Mn. A plot of the measured linewidth 
 
Figure 4.4 Increase in lattice parameter and full width half maximum (FWHM) of 
the line scans observed in the Mn-doped zinc oxide single crystals 
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and full width at half maximum (FWHM) of the  2θ−ω scans are shown in Figure 4.4. In 
addition, peak asymmetry increased on the low angle side as the transition metal elements 
were added, indicating the likely incorporation of Mn/Co interstitial atoms into the 
crystal lattice with increasing doping concentration. 
4.3 Secondary Ion Mass Spectrometry results for ZnO:TM 
 Secondary Ion Mass Spectrometry (SIMS) has been performed on the samples as 
shown in Figure 4.5. The peaked curve in Figure 4.5 is a reference sample implanted with 
3x1016 Mn ions at 200 keV. In comparison to the ion implanted sample which shows a 
peaked distribution, the as-grown crystals show a uniform dopant distribution throughout 
the Zn1-xMnxO crystal. The Mn concentrations of the samples were calculated to be 0.2%, 
0.6%, and 1.6% from these curves. These values are slightly different from those 
expected from the growth conditions due to the limitations of SIMS for quantization at 
 
 
Figure 4.5 SIMS depth profiles of implanted and bulk melt grown samples.  
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alloying concentrations. These results demonstrate the utility of this modified melt 
growth technique for producing high-quality, uniformly-alloyed, single crystals of ZnO. 
4.4 UV Visible Transmission 
4.4.1 Line splitting and internal transitions 
The UV-visible transmission of these materials is shown in Figure 4.7. 
Assignment of the absorption transitions reveals that interatomic d-shell Mn2+  transitions 
are responsible for the absorptions leading to the characteristic color within these 
materials[97]. UV-visible transition measurements taken from these samples confirm that 
these trends are attributed to interatomic transitions within the divalent transition metal 
dopant atoms. The undoped ZnO crystal shows a sharp absorption edge at 391.4 nm (3.17 
eV) at room temperature. Note that this differs from the expected room temperature band 
edge of ZnO at ~360nm (3.4 eV), which is due to both thermal broadening of the edge, 
and likely also cause by a large concentration of intrinsic donor impurity states as a 
function of the growth process. The absorption edge shifts nonlinearly from 500 nm at 
0.04% to 552.7 nm at 1% to 607.5 nm at 5% with increasing Mn concentration, as shown 
in Figure 4.. This absorption can be attributed to the overlapping Mn2+ d5 crystal field 





transitions have been seen in thin film and bulk absorption and cathodoluminescence 
measurements [134]. Similar transition lead to the red color of the widely used ZnS:Mn 
phosphor. The nonlinear nature of this shift is a combination of both the doping density 
and the thickness of the as-cut crystals, which was not consistent for the samples 
analyzed in this study. The Zn1-xCoxO sample also shows distinctive character with 





Figure 4.6 Optical transmission scans through Mn, Fe, and Co doped single crystals of varying doping levels 
and thickness  
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partially full nature of the d-orbitals in the high spin d7 state. The Co-doped sample 
shows an absorption cutoff at 415.3 nm, near a CL peak in previously grown ZnO which 
was attributed to the 6A1(S)→
4T1(G) transition [83]. However, this assignment may not 
be correct in these bunk samples, as the as 6A1 is not the ground state of the divalent 
cobalt ion. Other reports suggest that this is a slight bandedge shift with transition metal 
doping [135]. Also prevalent are two absorption maxima centered at 605 nm and 655 nm, 
which are due to the d-d transitions in the high-spin d7 state of the Co2+ ions, as has been 
previously observed in thin film samples and attributed to the 4A2(F)→
2E(G), 4A2(F) 
→4T1(P) transitions [83]. These two transitions lead to stronger absorption in the red at 
605 nm and 655 nm. Combined with the violet region absorption cutoff at 415 nm, this 
explains the deep green color in these samples. 





 In order to investigate and confirm the assignment of the optical transitions as a 
verification of the valence state in the transition metal doped ZnO crystals, it is 
instructive to look at the Tanabe-Sugano diagrams for the d5 and d7 atomic configurations 
within a tetrahedral crystal field. These diagrams, originally developed by the two 
scientists from whom they derive their name, plot the energies of the ground and various 
excited states within an ion as a function of the crystal field stabilization energy (∆). 
Figure 4.7 shows a schematic of the splitting in the d5 and d7 levels,expected for divalent 
Mn and Co substitutional on a tetrahedrally-coordinated lattice site. These have 
previously been derived [136], and the amount of the splitting is a function of the 
interaction of the orbitals and their symmetry with that of the tetrahedral crystal field. 
Because the atomic spacing within ZnO is expected to be smaller than that for the other 




























Figure 4.7 Tanabe-Sugano diagrams from d5 and d7 ions in the presences of a tetrahedral crystal field 
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ions in ZnO. This is indeed observed in the single crystals, and further confirms the 
assignment of the distinctive color within these crystals as transitions from ground to 
excited states of the d-shell substitutional atoms. 
4.5 Electron Paramagnetic Resonance  
In order to confirm the lattice site occupancy of the transition metal atoms on the 
lattice site as well as to verify the valence state of the individual transition metals, 
electron paramagnetic resonance spectroscopy was performed on these samples. In the 
case of both Mn and Co, the divalent state (Mn2+ and Co2+ ) on the lattice site is 
observed, as evidenced from a comparison of the measures spectrum with those predicted 
from the published spin Hamiltonian from Zn1-xMnxO [137] and Zn1-xCoxO [138]. Figure 
4.8 and Figure 4.9 show the predicted and measured curves for the Mn and Co doped 
samples respectively. 
 It should be noted that the agreement between the measured and experimental 
curves is not ideal, and does suggest some crystalline or compositional imperfection in 
the as-grown bulk crystals. In particular, there appears to be a broad underlying signal in 
the measured region when taken using a 9.5 GHz excitation source. If the frequency is 
increased to 94 GHz with B||c taken at 5 K, this additional signal becomes more 
pronounced, as shown in Figure 4.9. Additionally, if a plot is made of the measured EPR 
intensity versus the temperature, the measured signal deviates from the expected decrease 
in intensity via the Curie law. This sharp deviation from the Curie law above 50 K is 
likely due to an increase in the free carrier concentration, which in turn results in a 
decrease in the resonator cavity Q. A similar degradation in quality, due to the free carrier 






Figure 4.8 Curie law dependence of the EPR signal from Zn1-xMnxO single crystal and 







Figure 4.9 Comparison of the predicted and measured EPR signal parallel and perpendicular to the c-axis. 
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the Mn- and Co-alloyed ZnO samples show a strong n-type conductivity (~1019 cm-3) 
resulting from the intrinsic defects in the system. 
4.6 Raman Results 
 Raman spectra for varying concentrations of transition metal dopants in the 
Zn1-xMnxO and Zn1-xCoxO are shown in Figure 4.10 and Figure 4.11. The scans for the 
undoped crystal are shown at the bottom of the graph; the other curves are shifted  
vertically for clarity. All samples were taken in the back scattering geometry using a 488 
nm Ar laser. In the undoped sample, the most prevalent features are the lines at 437 cm-1, 
which corresponds to the E2(high) mode, and a mode at 332 cm
-1, which correspond to a 
2-phonon line. There is also a shoulder on the E2(high) peak at 407 cm
-1, which has been 
previously indexed as the E1(LO) mode, and a smaller peak at 202 cm
-1 corresponding to 
twice the E2(low) mode [139]. Upon Mn doping, the overall shape of the Raman 
spectrum changes, due to loss of symmetry conservation; this leads to the appearance of 
‘silent’ and mixed Raman modes from points off the center of the Brillouin zone [140]. In 
Zn1-xMnxO, these modes are particularly prevalent at 522 cm
-1 and 580 cm-1. The major 
peaks of the undoped ZnO lattice are still also visible, indicating that the structural 
quality is only slightly degraded. Zn1-xCoxO shows a similar behavior, though the silent 
modes are less enhanced, and there is still a strong contribution from the 437 and 332 
cm-1 modes of the host lattice. Also, the dominant mode in the disordered region appears 
to be closer to 550 cm-1 instead of 522 or 580 cm-1. These findings are quite similar to 
reports of Raman spectra in Zn1-xCoxO which does exhibit the ferromagnetic behavior 
reported from other researchers [141]. Additionally, in both cases there appears to be a 




Figure 4.10 Raman spectra of undoped and Mn-doped ZnO single crystals with 





Figure 4.11 Raman spectra of Zn1-xCoxO single crystals as a function of the 
transition metal alloying content. 
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modes for the wurtzite structure. There is, however, a mode in the spinel (TM3O4) 
structure to which this mode may be linked, as has been previously suggested and 
observed via detailed Raman studies [142]. Given the breadth of this mode, it may be a 
product of the surface decomposition and, given the critical temperature of the typical 
spinels (TC = 43 K for Mn3O4 and TN = 40 K for Co3O4), should not lead to a competitive 
ferromagnetic phase complication of the magnetic data. 
 
4.7 Magnetization Studies of Zn1-xTMxO results 
4.7.1 Magnetization studies in Zn1-xMnxO and Zn1-xCoxO  
 The magnetic behavior of these materials is of critical importance for spintronic 
applications. Figure 4.12 shows the magnetization vs. temperature plot for three samples 
with increasing Mn doping concentration (0.2%, 0.6%, and 1.6% composition by SIMS 
for samples A, B, and C respectively) taken at 100 K. Also included in these figures, to 
give an estimate of the magnetization involved in the system, are lines indicating the 
expected magnetization behavior based on the diamagnetic volume susceptibility of ZnO, 
the paramagnetic susceptibility of MnO, and non-interacting mixture of 99 wt%  ZnO – 1 
wt% MnO. The 100 K temperature is above the most likely ferrimagnetic oxide 
contaminant, the spinel Mn3O4, which has a Curie temperature of 46 K. Linear, 
paramagnetic behavior is observed for samples B and C, due to the incorporation of the 
Mn atoms. In Sampl A, the most lightly doped, the 100 K and 300 K curves show 
diamagnetic behavior, due to the nominally temperature independent diamagnetic 
contribution from ZnO becoming dominant over the smaller temperature-dependent 
paramagnetic Mn2+ contribution. At 5 K, the most lightly doped sample shows 
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macroscopically paramagnetic behavior because of the 1/T dependence of the 
paramagnetic signal becomes a larger influence than the temperature independent 
diamagnetic ZnO signal. In addition, no hysteresis is observed at 5 K, indicating the 
exclusion of any ferrimagnetic oxide second phase. 
Magnetization versus applied field curves for Zn1-xMnxO and Zn1-xCoxO at room 
temperature are shown in Figure 4.13. It is readily apparent that neither of the as-grown 
crystals exhibits ferromagnetism; the plots are linear and reflective of the superposition of 
the diamagnetic ZnO signal and the paramagnetic signal from the individual isolated 
transition metal ions. These curves show the magnetization vs. applied field plot for 
 
Figure 4.12 100K magnetization plot for Zn1-xMnxO for samples A x=0.0004, B 
x=.01, and C x=.03. The dotted lines show the expected behavior for ZnO, MnO, and 




samples doped at 3% Mn and Co concentration. Linear, paramagnetic behavior is 
observed for almost all samples at temperatures ranging from 5 K to 300 K. No 
ferromagnetic or ferrimagnetic oxide contaminants, such as Mn3O4 (Tc = 46 K), were 
present. The curves are of the expected slopes due to a contribution from predominantly 
isolated d5 or d7 atoms in a diamagnetic, noninteracting ZnO matrix. This is completely 
consistent with many theoretical predictions as well as earlier reports of Mn in other II-VI 
compounds [74, 143, 144]. Such a magnetization behavior is also expected from Mn2+ in 
the ZnO lattice via the double exchange mechanism [54]. 
4.7.2 Curie-Weiss Behavior of Zn1-xMnxO   
 The inverse magnetic susceptibility of Zn1-xMnxO is shown in Figure 4.14. It is 
clear from this Curie-Weiss plot that a linear behavior is observed at elevated 
temperature. There is a slight deviation from linear behavior at low temperatures, due to 
 
Figure 4.13 Magnetization curve for 3% Mn- and Co-doped samples 
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the antiferromagnetic Mn-Mn exchange interactions. After performing the required 
correction [74] for the diamagnetic background, the extrapolated intercept with the x-axis 
gives Θ=-33.6 K. Assuming only nearest-neighbor interactions, Mn in the 5/2 spin state, 
and fitting to a Curie-Weiss type function, the exchange integral can be calculated to be:   










The exchange integral J1/kB is calculated to be -17.2 K when using z=12 as the number of 
nearest neighbors in the wurtzite lattice and correcting for the atomic fraction of Mn. This 
calculated value is similar to the 15K observed with Mn-Mn in heavily alloyed (x=0.36) 
Zn1-xMnxO grown by pulsed laser deposition [98]. The less-pronounced deviation from 
linearity and smaller magnitude of the temperature intercept are indicative of the dilute 
 
 
Figure 4.14 Curie–Weiss plot of Zn1-xMnxO showing a deviation from nominal 
paramagnetic behavior is observed at low temperatures. The extrapolated intercept of 




nature of the Mn atoms, such that the average distance between Mn is large and fewer 
atoms participate in the superexchange process. If the Mn atoms were distributed 
randomly on Zn sites, at this concentration only one sixth of the Mn-atoms would have a 
single nearest-neighbor Mn atom on an adjacent Zn-site for a 1.5% doping level. For a 
randomly distributed alloy where all transition metals are on substitutional sites, the 
expectation value for nearest neighbor occupancy is only <z>=0.36. For x=0.36, <z> is 
4.32, which is 12 times that of the dilute case. Thus, the lower observed temperature 
intercept would be expected for the dilute case and is consistent in magnitude with 
previously grown thin film samples.  
These results indicate that the dominant exchange mechanism is Heisenberg 
exchange, which is consistent with samples grown by other high-temperature techniques 
and with other Mn-doped II-VI compounds [74]. For comparison, the J1/kB for the other 
II VI compounds are -13.7/K and -11.8/K for Zn 1-x MnxSe and Zn1-xMnxTe [74]. The 
larger exchange integral would be expected based on the reduced interatomic distances in 
ZnO relative to the other II-VI materials, which results in a stronger antiferromagnetic 
coupling among Mn atoms in nearest neighbor sites.  
The high-spin (S=5/2) Mn2+ spin state configuration is observed in other 
tetrahedrally coordinated Mn in II-VI semiconductors [74], and can be verified in ZnO 
using the Curie-Weiss law, χ=Χ/T-Θ. The Curie constant is related to the Bohr 
magnetons per Mn ion through the relation:  





where peff is the Bohr Magneton number. From the calculation of the Curie constant, the 
estimated Bohr Magneton number for Mn is 5.4 µb/Mn atom, which indicates that the Mn 
is in the high spin state (S=5/2) as expected. 
4.7.3 Unusual hysteretic behavior in Zn1-xCoxO   
 The magnetic behavior of the some of the cobalt-doped samples is considerably 
different than in the Mn-doped crystals, as seen in Figure 4.15. In this curve, clear 
evidence of hysteresis is observed in this loop for Zn1-xCoxO. The curve is reminiscent of 
uncorrected curves reported for thin film DMS, where the diamagnetic contribution of the 
substrate is significantly larger than the film and is usually subtracted out. In this case, 
there is no substrate contribution. The ZnO background does lead to a large diamagnetic 































Applied Field (Oe)  
Figure 4.15 Hysteresis curve observed from a lightly doped (x=0.01) Zn1-xCoxO 
samples showing a superposition of ferromagnetic and diamagnetic behavior. 
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contribution, but if the entire material consisted of a ferromagnetically coupled Co-based 
dilute magnetic semiconductor, the expected magnetization should be significantly larger 
than the ~10-4 emu/g (less than 0.01 µB/Co) observed in the Zn1-xCoxO crystal. The 
negative slope in the diamagnetic region is less than that anticipated from pure ZnO, 
indicating a paramagnetic contribution from the remaining cobalt atoms. Closer 
examination of the field cooled and zero field cooled magnetization curves in Figure 4.16 
taken at 100 Oe shows a superparamagnetic-cluster type behavior of these two curves. 
The extrapolated lopes vs. temperature are of opposite sign in the ZFC and FC curves and 
there is a significant deviation in these two values. Similar behavior has been reported 
previously in suspended Co particles in ZnO [102] as well as MnAs nanoparticles in 
(Zn1-xMnx)3As2 [145]. Thus, the observed hysteresis is most likely due to nanoscale 
paramagnetic Co-clusters below the blocking temperature or surface magnetic phases, 
with the remaining dissolved isolated Co2+ atoms providing a paramagnetic contribution. 
Though it is difficult to extract due to the masking effects of the Co clusters, it is 
reasonable to assume that the dominant exchange mechanism here is also 
antiferromagnetic superexchange, similar to that found above in Zn1-xMnxO, and that 
observed in Zn1 xCoxS and Zn1 xCoxSe.[146]. Recent analysis of single crystalline 
Zn1-xCoxO confirms this prediction [147]. These findings would also be consistent with 
recent density functional calculations for dilute, intrinsic Zn1-xCoxO [148]. A slight 
hysteresis likely due to Co precipitates was observed in the 1% samples, but the low Bohr 
magneton contribution per Co (<0.01 µB/Co) and the strong splitting in the zero field 
cooled/field cooled magnetization curves preclude this from being a bulk alloy effect.  
4.8 Efforts to introduce ferromagnetic behavior 
 The absence of ferromagnetism in the as grown crystals may be caused by 
intrinsic defects if the ferromagnetism within the transition metal spectra is indeed due to 
an impurity band, as has been recently suggested [149]. Though the high temperature 
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melt growth method does promote uniform mixing of the transition metal substituents, it 
also allows for equilibrium concentrations of intrinsic defects to form. These intrinsic 
defects are overwhelmingly n-type in the as grown material, which drive the Fermi level 
towards the valence band and outside of any impurity band which may stabilize 
ferromagnetism in the material. Hall measurements confirmed an overall n-type behavior 
in the as grown crystals.  Ferromagnetism is not anticipated in either the mean-field or 
double-exchange model without additional p-type doping in this system. There is no 
intentional carrier doping in these samples, although a background n-type electrical 
conductivity typical of ZnO has been confirmed through electrical property 
measurements. Photoluminescence in these samples exhibited a broad greenband 
emission centered around 550 nm, which is typically attributed to intrinsic defect 
transitions in the doped material. The large doping levels, however, quenched any 
cathodoluminescence in these samples. These findings do not preclude double exchange 
at higher doping levels and/or indirect exchange becoming dominant in the presence of 
free carriers, which could lead to ferromagnetism in these samples. Additional efforts 
were made to introduce an observed ferromagnetic behavior into these single crystals, as 
described in more detail below. 
4.8.1 Sn co-doping 
 One method for introducing carriers within the system that may stabilize a carrier 
mediated exchange is the use of additional donors to the system. In the literature, Sn has 
shown some promise in controlling the ferromagnetic behavior of manganese-doped ZnO 
when produced via molecular beam epitaxy [90]. In this study, a single crystal sample of 
cobalt doped ZnO was produced and co-doped with 1018 cm-3 Sn atoms by adding a  
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Figure 4.16 Zero Field Cooled and Field Cooled plots from a Zn1-xCoxO (x=0.01) 
sample at 100 Oe. 





























 ZnCoO (5 K)
 ZnMnO (100 K)
 ZnCoO:Sn (5 K)
 
Figure 4.17 Comparison of magnetization curves for Zn1-xMnxO and Zn1-xCoxO  with 
and without tin codoping. Paramagnetic behavior is observed in all cases. 
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stoichiometric amount of Sn precursor to the melt powder. Figure 4.17 magnetization 
data grown on Sn-doped ZnO samples.  A similar linear behavior in the magnetization 
versus field curves for Zn1-xCoxO and Zn1-xCoxO:Sn indicates that n-type carrier 
conduction or ferromagnetic superexchange (which is possible in d7 ions) are not 
sufficient to stabilize ferromagnetism in this compound. Moreover, the contribution from 
cobalt metal precipitates which has been observed previously is not present in these 
samples. The dominant exchange mechanism here is also antiferromagnetic 
superexchange, as confirmed by an evaluation of the negative linear intercept of the 
inverse susceptibility vs. temperature plot. Like Zn1-xMnxO, the results show that 
Zn1-xCoxO is an extension of the II-VI family of materials. 
4.8.2 Li co-doping 
 As both the carrier concentration and carrier type are controversial variables in the 
study of introduction of ferromagnetism into semiconductor materials, it is also 
instructive to look at attempts to dope this material p-type, or to try to introduce some 
acceptor dopants into this materials system. One such dopant that could be used would be 
Li, which could act as an acceptor in ZnO provided it substitutes on the Zn lattice site. 
For this study, Li metal was deposited on the surface of a ZnO crystal and, using 
diffusion, driven into the crystal. Figure 4.18 shows the resulting hysteresis curve from 
the Li-doped Zn1-xCoxO sample. No change is observed with the lithium doping. A 
possible explanation is that the reported ferromagnetism is a result of some mechanism 
not related to the origin p-type doping model. However, there is no guarantee that the 
diffusion process causes the lithium atoms to be substitutionally incorporated on the ZnO 
site. Lithium is a particularly tiny ion and often ends in interstial sites rather than 
substitional sites, where it does not act as an acceptor. Given that attempts to p-dope ZnO 

































Figure 4.18 Magnetization curve for vacuum annealed Zn1-xMnxO sample showing no 
indication of ferromagnetic behavior. 































Figure 4.19 Room temperature vibrating sample magnetometry scan from a Zn1-xCoxO 




4.8.3 Vacuum Annealing 
 Another method that has been used to induce the observed ferromagnetic behavior 
in Zn1-xMnxO is the use of vacuum annealing [150, 151]. The exact reason why this 
procedure results in an observed ferromagnetic ordering is not clear at this time, but is 
thought either that carrier introduction compensates the formation of oxygen vacancies, 
or else that these vacancies themselves help to mediate the ferromagnetic interaction. A 
Zn1-xMnxO sample was placed inside a glass ampoule, which was then evacuated. The 
evacuated ampoule was then baked in a furnace at a temperature of 900oC for 24 hours, 
conditions which had been reported to result in the formation of a ferromagnetic 
alignment in thin films. Figure 4.19 shows the magnetization at 5 K up to a field of 5 T; a 
Brillouin-shaped function confirms the paramagnetic nature of the isolated Mn d5 centers 
in ZnO. No hysteresis was observed in this sample. This may indicate that either the 
annealing conditions were insufficient to induce a sufficient quantity of vacancies in the 
crystal, or that some sort of grain boundary vacancy formation or secondary phase 
formation is the cause of the magnetic hysteresis in the previous reports. 
4.8.4 Ion implantation 
 Another method that has been frequently suggested to be a valid means for 
producing homogeneous and ferromagnetic transition metal doped nitrides is ion 
implantation. For this work, samples implanted at 3x1016/cm2 Mn ions at 200 keV were 
examined via SQUID magnetometry. The resulting magnetization curve is shown in 
Figure 4.20. In contrast to the other methods that were attempted to induce 
ferromagnetism in these materials, the ion implanted sample did have an indication of 
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magnetic hysteresis. Given the large excess of Mn ions which were introduced and the 
large amount of lattice damage that resulted, it is unlikely that the resulting hysteresis 
signal is from isolated and substitutional Mn atoms. Only the method which should 
produce the most defective material resulted in the observation of ferromagnetism in 
these samples. Thus, the FM may be dependent on the formation of defects that are not 
accessible through the melt processing route. 
4.9 Discussion 
 
 In order to understand these results within the overall framework of the literature 
on transition metal doped zinc oxide, it is imperative to examine how these results 
































Figure 4.20 Hysteresis curve from bulk ZnO single crystal which has been implated with 
3 x 1016 cm-2 Mn ions 
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compare with other reported results. As mentioned before, there is still a large amount of 
published data suggesting that the ferromagnetic ordering is due to an intrinsic 
mechanism related to either carrier mediation or magnetic polaron interaction. Moreover, 
the reproducibility of the ferromagnetic ordering data is still highly questionable; though 
this is not unusual for the ZnO system, where even seeming simple goals such as p-type 
doping suffer from problems in both the stability and reproducibility [152]. Moreover, the 
observation of reversible ferromagnetism in polycrystalline thin films that can be tailored 
with either zinc- or oxygen-atmospheric annealing is an interesting result which is 
difficult to reconcile with a phase segregation model [153].  
 It is interesting to compare the methods of growth across the spectrum with the 
various magnetic properties and fit the results of this work into the rest of the literature. 
Of particular interest are some studies performed on Zn1-xMnxO and Zn1-xCoxO 
nanocrystals produced by solution synthesis. This is another route by which near 
equilibrium growth techniques can form these compounds. When producing thin films of 
the material, ferromagnetism was found to be strongly dependent on the rate at which the 
films were coalesced [154]. Conditions which led to the formation of grain boundaries 
were essential to the observation of room temperature ferromagnetism in these materials. 
Another study which explored in detail the processing conditions necessary for the 
realization of room temperature ferromagnetism via the equilibrium solid state reaction 
route also pointes to a processing-related origin of the ferromagnetism [92]. This study 
emphasizes the need to do extensive ball milling on the sample prior to the reaction. It 
was suggested that ball milling is necessary because this eliminated the formation of any 
trace amounts of antiferromagnetic Mn-O compounds which quench the ferromagnetism. 
In reality, aggressive ball milling within the sample introduces large amounts of vacancy-
related defects in the system. These may be related to formation of a defect-related 
pathway for ferromagnetism as has been suggested in some of the models. Additionally, 
the observation of antiferromagnetic interactions in this work on single crystals and in 
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studies on single crystalline thin films, the observation of low temperature 
ferromagnetism and x-ray magnetic circular dichroism in hydrogen-rich ZnO films [155], 
and the experimental observation of grain boundary clusters or Cu-O plates in 
ferromagnetic samples [156] suggest that experimental ferromagnetism diverges from the 
originally suggested model. Moreover, only low temperature magnetotransport effects 
have been observed [157]. Defects play an essential role in the mediation of 
ferromagnetism in these materials, and further work must be performed to understand the 
role of grain boundaries in the macroscopic behavior of the materials explored in this 
system. Further studies using systems with high surface area to bulk ratios may help in 









ION IMPLANTATION AND MOCVD GROWTH OF GALLIUM 
MANGANESE NITRIDE 
5.1 Introduction 
 Though the initial results in the ZnO crystals are not promising for the 
development of room temperature ferromagnetic semiconductors, these results should not 
be surprising considering the development of ferromagnetic dilute magnetic 
semiconductor materials in the 1990’s.  Earlier results had shown the II-VI compounds to 
be largely paramagnetic; it was only through the introduction of large alloying 
concentrations, on the order of 20% Cr in Zn1-xCrxTe [158], that true dilute magnetic 
semiconductor behavior was ultimately observed. 
 In the III-V materials, particularly Ga1-xMnxAs and In1-xMnxAs, the situation is 
somewhat different. Through the introduction of Mn, ferromagnetism can be stabilized 
through a carrier mediated mechanism as described in more detail in Chapter 2. The 
question remains: is the situation in the wide bandgap materials relative to the III-V and 
II-VI compounds the same? Namely, are the III-V compounds more suitable for 
spintronic applications than their II-VI wide bandgap counterparts? 
 If this question is to be resolved, a detailed study must be performed on these 
materials. In order to ultimately determine what is going on in this materials system, it is 
essential to use optimal growth techniques and use characterization techniques to 
examine the materials properties. In this chapter, methods to study and optimize the 
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growth of Ga1-xMnxN are explored. Magnetic optical and structural studies have been 
used to investigate the origin of the room temperature (RT) ferromagnetism (FM) 
observed in Ga1-xMnxN epilayers. In general, RT ferromagnetism scales with the Mn 
concentration. RT FM was also observed, but significantly weaker, in MOCVD-grown 
semi-insulating and n-type epilayers. This indicates that the RT FM is very sensitive to 
the position of the Fermi level, requiring that the Mn ion is in the Mn3+ state. However, 
the magnetization data alone do not provide enough information to reveal the actual 
origin of the RT ferromagnetism. More detailed magnetic studies suggest that based on a 
splitting of the curves, the room temperature magnetic signal may indeed originate from 
clustering behavior in this system. 
5.2 Implantation Studies 
 Ion implantation is an efficient technique for introducing additional elements into 
a semiconductor system after the growth of the materials has been completed. It was used 
extensively for dopant introduction; for example, in the development in silicon-based 
materials. In particular, because of masking techniques, it is possible to implant different 
regions of the material with different dopant types and thus get a lateral spread of dopants 
within the materials. Implantation may also be useful for the introduction of dopants into 
dilute magnetic semiconductor materials. In particular, it is attractive because the method 
is extremely straightforward. It is possible to implant almost any ionic species into a host 
material, and all that is needed is an implantation tool and an elemental source. Through 
control of the accelerating voltage, a known profile of dopant atoms can be introduced 
into the system. Moreover, control of the dopant density is merely a function of the dose 
applied to the system.  This method also eliminates challenges with in situ doping 
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techniques, including optimization of growth conditions or and the need to locate a 
suitable chemical precursor for chemical vapor deposition processes.  
 It is essential to note that this method is not without its problems for DMS 
materials. In particular, large dopant densities required need huge (i.e. lattice) 
concentration of atoms to be introduced, and to introduce them uniformly at a sufficient 
depth requires large energies. This results in significant lattice damage within the system, 
which must be annealed out and may be impossible to be completely recovered. In 
addition, if only transition metal atoms are implanted, the implantation process results in 
the introduction of a disparate proportion of atoms, such that the cation/anion 
stoichiometry is not maintained. This could result in the formation of metal rich regions 
in the lattice. Note, however, that much of the initial work reported in the literature 
suggests that ion implantation is a valid way of producing transition metal-doped GaN. 
This work can investigate these claims and, using comparisons with existing literature, 
can serve as a good baseline for our measurements and development of MOCVD-grown 
Ga1-xMnxN. 
5.2.1 Implantation procedure 
In this work, Mn+ ions were implanted into MOCVD-grown GaN layers. The 
doping concentration was 3x1016/cm2 at an energy of 200 keV and a substrate 
temperature of 400oC; these characteristics were chosen based on a similarity to 
previously reported conditions [159]. The elevated temperature stage may promote 
dynamic annealing during the growth process and was intended to mitigate the amount of 
lattice damage in the system [160]. In order to compare the role of carrier concentrations 
on possible magnetic behavior in the system, different GaN templates were used, 
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including material that was originally intrinsic (unintentionally doped), p-type 
(p=2x1016/cm3), and n-type (n=6x1017/cm3). In order to remove the implantation damage, 
samples were subsequently annealed face-down on GaN templates in a flowing nitrogen 
ambient at temperatures ranging from 700oC to 900oC.  
5.2.2 SRIM calculations 
Calculations of the expected doping profile were performed using a publicly 
available Stopping Ranges of Ions in Materials (SRIM) program [161]. This program 
takes inputs of a materials density and atomic makeup, and then uses Monte Carlo 
simulations to determine the expected range and distribution of implanted atoms within 
the system. Figure 5.1 shows the ion profile of a sample calculation using this program. 
Moreover, this method can also calculate the amount of vacancies and backscattered 
atoms within this configuration. A plot of a sample expected ion distribution is shown for 
the implantation conditions used in this study. From these results, the expected 
implantation range is 910 Å, with a straggling of 380 Å and a radial range of 431 Å. It is 
 
 
Figure 5.1 Monte Carlo simulation of the atomic distribution of implanted Mn ions 




imperative to note that the particular model used in this study does not take into account 
any self-healing which may be occurring in this material. Self-healing behavior has been 
reported previously in the GaN system [104] and seems to mitigate, at least somewhat, 
the lattice damage which occurs through the implantation process.  
5.2.3 X-ray diffraction studies  
 XRD 2θ−ω scans for the ion implanted samples before and after annealing are 
shown in Figure 5.3, along with the 2θ−ω scan for an undoped GaN layer on c-sapphire. 
The annealing conditions used to recover the implantation damage in the sample are 
shown to the right in this figure. The scans are similar for the undoped and as-implanted 
samples, with the exception of a distinct elbow and tail on the low angle side of the peak 
due to the large local Mn concentration and predominantly interstitial defects in the 
implanted samples. Because the low-angle side represents material with a larger lattice 
parameter, the lower angle tail indicates damage which increases the lattice parameter. 
Since Mn and Ga have similar tetrahedral atomic radii, the introduction of lattice site Mn 
cannot be the sole cause of this shift in lattice parameter. Thus, this is likely due to the 
presence of interstitial Mn or knock-on Ga atoms. No additional phases are observed in 
the as grown samples. 
5.2.4 Annealing and damage recovery 
In order to minimize the damage to the lattice, as would ultimately be necessary for 
spintronic devices, annealing studies were performed on the implanted samples.  High-
resolution XRD 2θ−ω scans for the ion implanted samples before and after annealing are 
shown in Figure 5.2, along with the scan for an undoped GaN layer on c-sapphire. The 





Figure 5.2 High resolution X-ray diffraction scans for implanted and as-grown layers 
before and after annealing 
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distinct elbow and tail on the low angle side of the peak due to the large local Mn 
concentration and predominantly interstitial defects in the implanted samples.  After 
annealing, this low-angle peak shelf is still visible, indicating that the damage is not fully 
recovered. Furthermore, additional XRD peaks are observed in the annealed samples. 
Figure 5.3. The peak at 32.4° corresponds most closely to either the metallic perovskite 
phase Mn4-xGaxN1-y or the intermetallic Mn8Ga5. Also visible in some scans are peaks 
from the antiferromagnetic compounds Mn6N2.58 and Mn3N2. Similar non-stoichiometric 
phases have been observed previously in MBE grown [76] and heavily-annealed 
implanted samples [162]. Ion implantation introduces an excess of gallium site cations; 
the annealing conditions are not suitable for the replenishment of nitrogen and subsequent 
rearrangement of a 1:1 stoichiometric crystal. Thus, the end result of the annealing 
process is a mixture of Mn on lattice sites and regions of a Mn rich phase, plus a high 
quantity of interstitials and vacancies leftover from the implantation process. It will be 
difficult to ascertain the exact magnetic contribution from each of these sources. The 
other important feature to note is that phase separation can occur even at temperatures 
that are standard for activation of GaN materials and that have also been reported as 
suitable for Ga1-xMnxN annealing [162]; this observation would significantly complicate 
the processing conditions for the production of implantation-based dilute magnetic 
semiconductor devices.  
5.2.5 Magnetization studies 
SQUID magnetometry was used to examine the Mn-implanted GaN samples. The 
magnetization vs. field results are shown for an implanted intrinsic, p-type, and n-type 





Figure 5.3 Close up of XRD scans showing the formation of Mn-rich secondary 




nominally intrinsic implanted samples, clear hysteresis is visible in the curves at room 
temperature. The Curie temperature in both cases is well above RT, as observed by M vs. 
T curves. All of the implanted samples are of roughly the same size, but due to the 
inherent asymmetry in the doping profiles achieved via implantation, the curves have not 
been volume corrected. The SQUID signal from the p-type Ga1-xMnxN is a factor of ten 
higher than that from the other samples All three samples (p-type, intrinsic, and n-type) 
exhibit coercivities of around 50 Oe and remnant to saturation magnetization ratios of 
0.1-0.2. Ferromagnetism in the intrinsic and n-type samples may not necessarily be due to 
the macroscopic alloy, but instead may be due to unobserved second phases or to Mn-rich 
clusters in the as-grown system. The magnetic signal decreases as doping goes from p- to 
 
Figure 5.4 Hysteresis curved for p-GaN, intrinsic GaN, and n-GaN samples following 
implantation with 3x1016 cm-2 of 200 keV Mn+ ions 
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n-, with the largest signal observed in the p-type sample, as would be expected from the 
original models for ferromagnetism in the III-nitrides. 
5.3 Structural Studies of MOCVD-grown Ga1-xMnxN 
5.3.1 Overview 
The as-grown Ga1-xMnxN films were specular and had a reddish hue that increases with 
increasing thickness and Mn incorporation. Figure 5.5 shows a photograph of two wafers: 
the first is a 2-inch sapphire with an intrinsic GaN layer grown, and the second has a 
Ga1-xMnxN layer. The reddish color is distinctly evident even at low doping levels. The 
origin of this coloring is the same as in the ZnO:Mn samples, where the crystal field 
parameters for GaN should be similar in strength to those in the ZnO system, and thus 
intrashell d-d absorptions lead to the color variation. Varying the temperature outside the 
optimal growth band resulted either in the appearance of hexagonal GaN growth 
temperature defects which were visible via optical microscopy, or in the loss of film 
integrity as evidenced by in-situ reflectometry. Secondary ion mass spectrometry (SIMS) 
 
Figure 5.5 Photographs of undoped GaN compared with Ga1-xMnxN (x=0.5) layers on 
2-inch sapphire substrates 
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verified the uniform incorporation of manganese within the layers. Figure 5.6 showed 
calibrated SIMS measurements taken from two Ga1-xMnxN layers of varying thickness 
grown on GaN-on-sapphire templates. It is clear from these scans that it is possible to not 
only introduce Mn through the MOCVD-growth process, but to control the doping level 
and the layer thickness without significant interdiffusion within the layers. 
5.3.2 X-ray diffraction 
High resolution x-ray diffraction (HRXRD) was performed in order to examine 
the phase purity and the crystalline quality of the MOCVD grown films. X-ray diffraction 
scans on the MOCVD-grown GaMnN samples are depicted in Figure 5.7 In these scans, 
no second phases are observable. The Mn6N2.58 and Mn3N2 phases were not observed via 
XRD in the annealed MOCVD grown samples as has been previously reported in 
 
Figure 5.6 SIMS profile showing the dopant distribution in implanted vs. MOCVD-
grown Ga1-xMnxN  
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implanted samples [163].The position of the Ga1-xMnxN peaks did not shift relative to the 
GaN at low doping levels, indicating a lattice parameter similar to that of GaN. 
Moreover, the peak shapes are very similar to those for the undoped GaN sample In 
contrast to the Mn-ion implanted samples, the GaN (0002) peak is symmetric, indicating 
little macroscopic strain with Mn incorporation and a considerable improvement in the 
crystalline quality when compared to the implanted samples. No statistically significant 
deviation in the lattice parameter was observed, even for Mn concentrations on the order 
of ~2%  (as estimated from the growth conditions), although this may have been 
influenced by the underlying template layers in some of the films. The linewidths of the 
scans were all within a few hundred arcsec of each other, showing no significant increase 
 




compared to width of the template; there is similarly little change in the  rocking curve 
widths of the symmetric and asymmetric reflections: Thee 2θ−ω scan linewidths (179, 
196, and 251 arcsec for the undoped, 0.3%, and 2.25% Mn 2θ−ω scans respectively). 
This is compared with 179 and 518 arcsec for the underlying template layer. Some scans 
indicate the presence of the forbidden (0001) and (0003) peaks in the doped Mn-layers; 
these have been previously observed in diffusion-grown Ga1-xMnxN [2]. These additional 
reflections are only seen in the Mn-doped samples and may be caused by local structural 
imperfections due to compensation effects from the heavy Mn doping. Alternately, these 
may be simply be due to diffraction from λ/2 monochrometer pass-through of the 
Brehmstrallung radiation. 
5.3.3 Transmission electron microscopy 
X-ray diffraction is a suitable technique for measuring the overall crystalline 
behavior of the samples, though it suffers from some severe limitations in analyzing the 
crystalline structure from local areas of the sample. A more precise determination of the 
crystalline quality of the samples and nature of any secondary phases which might be 
present can be performed via high resolution cross section transmission electron 
microscopy (TEM). High resolution cross sectional transmission electron microscopy 
was performed on a two-micron thick sample containing Mn all the way from the buffer 
layer through the Ga1-xMnxN layer. The TEM images are shown in Figures 5.8 and 5.9. In 
the first figure, a clear homogeneous epitaxial layer on a sapphire is substrate. Threading 
dislocations are clearly evident in these images, as would be expected from the large 
lattice mismatch between the sapphire substrate and GaN layers. In addition, some areas 







Figure 5.8 HAADF STEM image of the heterostructure.  The contrast appears 
homogenous in regions without dislocations and stacking faults.  Second phases or 







Figure 5.9 (a) HRTEM image collected near the interface between the GaMnN buffer layer and the sapphire substrate. A high 
density of stacking faults in the buffer is evident.  Small amorphous phases, secondary particles, and cavities also exist in some 




Ga1-xCrxN samples by MBE [164], so their presence is not surprising. Selected area 
diffraction patterns only show patterns characteristic of the wurtzite GaN structure. No 
additional secondary phases are observed in any portion of the sample. 
In both of the images there is indication of secondary phase formation either 
embedded within the lattice, as has been previously reported in MBE-grown samples 
[165], or segregated into surface regions. Note that this does not preclude the existence of 
secondary phases whose major axis is perpendicular to the growth direction; some 
calculations have suggested that this would be the preferred orientation within these GaN 
system, as discussed in more detail later.  The transmission electron microscopy results 
indicate that the behavior of the system will be determined in large part by the behavior 
of a bulk, dilute magnetic semiconductor alloy. 
5.3.4 Atomic Force Microscopy 
An important feature to understand about the growth process of the GMN alloy is how 
the incorporation of this new precursor and element affects the surface quality of the 
films. Atomic force microscopy (AFM) was used to derive information about the growth 
mechanism of Ga1-xMnxN and surface morphology of the Ga1-xMnxN layers. Figure 5.10 
shows images of a typical as-grown layer. The overall film quality is smooth with atomic 
layer surface steps. The root mean square (RMS) surface roughnesses are between 3 and 
11Å depending on the film and underlying template layer. Clear step flow growth 
patterns are seen in the as-grown MOCVD sample scans, which are typical of two-
dimensional growth modes seen in GaN MOCVD. This mode does not change with the 






Figure 5.10 Atomic force microscopy images of Ga1-xMnxN grown at 1000
oC and 
900oC showing a transition from step flow growth to hexagonal growth defects. 
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bands exhibit hexagonal GaN temperature defects, which can be seen in both the AFM 
and optical microscopy.  
5.4 Magnetization studies of MOCVD-grown Ga1-xMnxN 
5.4.1 Hysteresis curves 
 SQUID magnetometry was performed to determine the overall magnetic behavior 
of the MOCVD grown Ga1-xMnxN films. Ferromagnetic hysteresis was recorded in the 
as-grown Ga1-xMnxN films The macroscopic magnetization behavior of the films was 
determined by temperature-dependent SQUID magnetometry on undoped and Mn-doped 
samples from 5 K to 300 K. The curves are shown at 300K. In general, there is little 
deviation for these curves at 5K, indicating that the hysteresis is due to a phase with a 
high Curie temperature (TC>400K). A perspicuous magnetic hysteresis was obtained in 
samples at doping levels from 0.3% to 1.5%, providing a clear evidence for a room 
temperature ferromagnetic contribution, Figure 5.11. A coercivity of 70 Oe and saturation 
 
Figure 5.11 Magnetization vs. field scans for Ga1-xMnxN with x=0.01 (sample C) and 
x=0.015 (sample E) 
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magnetization of 11.6 emu/cm3 is observed in sample C (1% Mn doping) at 300 K.  The 
magnetization shows anisotropic behavior relative to the growth axis of the film; the 
magnetization is significantly stronger in the place of the film, as would be expected from 
the magnetic shape anisotropy of the film. Etching the sample in hydrogen peroxide or 
aqua regia does not eliminate the magnetic hysteresis as was previously observed in bulk 
crystallites [166]. 
To check whether the magnetic behavior is due to second phases or clusters, the 
concentration per magnetic element was calculated.  Assuming a uniform growth rate and 
Mn concentration as measured by SIMS across the wafer, the measured saturation 
magnetization corresponds to a contribution of 2.9 µB/Mn for the 1% doped sample and 
1.2 µB/Mn for the 1.5% doped sample. This is similar to values observed in high-quality 
lightly doped Ga1-xMnxN produced by other methods [79, 167]. As doping increases, the 
calculated magnetic contribution per Mn atom decreases. This may be due to the 
formation of Mn-related compensating defects, as has been previously observed in 
Ga1-xMnxAs [168], or the introduction of antiferromagnetic coupling via superexchange 
as is observed in the ZnO:TM materials. Note that ferromagnetism was achieved despite 
both the Mn and free hole concentration being far lower than that required by the mean 
field theory [22]. 
It should be noted that if this model holds, the predicted contribution based on 
first principles band structure calculations of 4 µB/Mn when the Fermi level is located in 
the center of the Mn impurity band. The predicted contributions for the mean field model 
are also around 4 µB/Mn for hole mediated ferromagnetism, though experimental values  
in Ga1-xMnxAs are often much lower than anticipated - especially at high doping levels - 
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due to defect cluster and/or defect compensation [168]. Though the deep nature of the Mn 
acceptor in GaN [169] results in carrier concentrations lower than required by the mean-
field mode for RT ferromagnetism, the as-grown Ga1-xMnxN  layers, the films still exhibit 
room temperature magnetic hysteresis at concentrations of ~0.8% Mn, as shown in Figure 
5.11. For comparison, the predicted magnetic moment per Mn4N cluster is 17 µB/Mn 
[67]. Thus, if the ferromagnetism were due only to this atomic configuration, greater than 
half of the Mn would have be tied up in these clusters; this should be observable through 
the structural characterization techniques. However, since phase-separation based FM has 
been observed in ferromagnetic chalcopyrite materials with similar magnetization 
strength, further work is required to unambiguously rule out clusters as the origin of FM 
 
Figure 5.12 Magnetization versus field curves showing a decrease in the observed 
magnetization strength upon annealing or Si-codoping 
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in MOCVD-grown Ga1-xMnxN [170, 171]. 
5.4.2  Annealing effects  
5.4.2.1 Magnetization strength  
One challenge in achieving p-type doping in GaN was understanding how to 
properly process and anneal the samples such that acceptor doping could be observed 
[130]. The precursor used in this study is almost identical to that used for magnesium 
codoping, so it is possible, particularly if some sort of carrier mediation is responsible for 
the observed ferromagnetic behavior, for there to be an activation step necessary to 
realize or optimize ferromagnetism in Ga1-xMnxN. Significant changes are indeed 
observed in the magnetic behavior with annealing of the layers. Upon annealing, the 
magnetic signature decreases [163], Figure 5.12; similarly, a stark difference in magnetic 
signature is also seen between p-type and intrinsic GaN layers under the same implanting 
and annealing conditions, as reported elsewhere [163].  
5.4.2.2 Surface structure 
 In order to determine the cause of the magnetic signature degradation, it is 
possible to correlate the magnetic properties with surface-sensitive structural 
characterization techniques. There is little change in the morphology of the layer with 
low temperature annealing (700°C). However, there is a significant difference in the 
AFM images with annealing at higher temperatures. The AFM image of the uncapped 
sample annealed at 900°C shows clear areas of what are likely second-phase precipitates 
on the surface, Figure 5.13. Close inspection of the 800°C image reveals smaller spots of 
these second phases which are likely at nucleation sites,. X-ray diffraction scans can 






a) As grown             b) 900°C 5 min 
     
Figure5.13 Atomic force microscopy images of Ga1-xMnxN (x=0.015) terminated 
MOCVD grown Ga1-xMnxN samples, as-grown and annealed at 900°C for 5 
minutes. All scans are 10µm x 10µm. RMS roughness values from left to right are 
5.68Å and 7.71Å. 
 
Figure 5.14 XRD scans of Ga1-xMnxN following annealing with and without a capping 
layer. Second phase formation is only seen in the uncapped sample 
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closely index to the (110) reflections of the Mn3GaN phase. This phase has been 
observed previously, as noted above, though the peak position is quite close to a GaMn 
intermetallic phase which has been reported to be present in MBE-grown Ga1-xMnxN 
[76]. On the other hand, the annealed GaN-capped samples show no change in surface 
morphology even at the elevated temperature. This is not unexpected, as GaN under the 
same annealing conditions does not exhibit a surface morphological change. However, it 
is not possible to completely eliminate the possibility of second phases solely on the x-
ray diffraction results. This suggests a possible mechanism for the decay of the 
thermodynamically unstable Ga1-xMnxN compound: in the absence of a reactive nitrogen 
environment that is present during MBE or MOCVD growth,  nitrogen desorption and 
phase rearrangement of the surface may occur at the Ga1-xMnxN-to-atmosphere interface. 
This second phase is not observed in the samples capped with a thin GaN layer, even at 
annealing temperatures as high as 900°C. Infrared Raman spectroscopy measurements do 
indicate that there may be a weakening of the GaN lattice through Mn introductions; 
these results would be consistent with that analysis.  
5.4.3 Si-effects on magnetization strength  
The magnetisim exhibits a similar behavior in the MOCVD-grown samples co-
doped with silicon, where prior to co-doping, a large magnetic moment per atom can be 
seen. As the Si doping concentration increases, the magnetic moment decreases and is 
nearly destroyed upon a target doping concentration greater than 1019/cm3 Si, Figure 
5.15. Secondary ion mass spectrometry of the samples confirms that there is no 
systematic decrease in the manganese doping level with increasing silane flow. In all 
cases, a weak hysteresis is still observed in the sample, though in the most heavily doped 
sample, an overall negative slope and diamagnetic signal is observed. This residual 
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hysteresis may be the result of magnetic impurities within the substrate, where Cr3+ is 
known to be a major impurity in the sample. It is somewhat interesting to note that even 
though the overall saturation magnetization contribution is significantly affected, there 
does not seem to be a corresponding change in the coercivity of the samples.   
5.4.4 Mg-codoping effects  
5.4.4.1 Magnetization strength  
A decrease in the magnetic signature is also observed with Mg codoping, as 
shown in the VSM data in Figure 5.16. In the case of the most heavily doped p-type 
Ga1-xMnxN:Mg, almost no hysteresis is observed. This is in direct contrast with the 
implanted p-type sample, which showed a much more prominent hysteresis loop than the 
 




intrinsic and n-type samples. Mg introduction requires annealing to activate the 
acceptors. However, at the elevated temperatures required for activation, strong surface 
decomposition through the creation of nitrogen vacancies or secondary phases is known 
to occur [80], as described above. Almost no change in the magnetization is observed 
after annealing, indicating that acceptor activation is not strong enough to overcome self-
compensation that occurs during the growth process.  
5.4.4.2 SIMS behavior 
Secondary ion mass spectrometry was used to investigate the effects of the growth 
process and doping on the incorporation of Mn and other elements into the lattice. 
Compositional and thickness fluctuations are observed over the area of the wafer, due to 
local variations in the temperature and flow patterns of the inlet precursor gases. Fig. 5.17 
 
Figure 5.16 Vibrating sample magnetometry scans for as-grown and Mg-codoped 
Ga1-xMnxN  samples  
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shows the measured Mn concentration as a function of Mg concentration in the films for 
a constant flow of Mn gas. The values for the concentrations were calculated using a 
known ion implantation standard which was measured in parallel to these samples.  As 
the Mg flow rate is increased, there is a large decrease in the measured Mn concentration. 
This is not altogether unexpected, as the precursors for Mn and Mg are identical except 
for the metal within the metalorganic source.  
The reduced Mn concentration should lead to a corresponding decrease in the 
overall magnetization, but in this case the magnetization completely disappears. The 
concentration of Mg is an order of magnitude lower than for the concentration of Mn; so 
it is impossible for this concentration of acceptors to completely depopulate the Mn 
impurity levels, and there should not be a significant lowering of the Fermi energy. This 
 
Figure 5.17 Calibrated SIMS results for the measures SIMS Mn concentration as a 
function of the Mg doping concentration. 
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suggests that the reduced magnetization does not originate from this drifting outside the 
band on the low side or the formation of Mn4+, which has been previously reported. A 
similar SIMS profile for the Si co-doped samples does not show the same systematic drop 
in Mn concentration with increasing n-type doping.  
5.4.5  Growth rate dependence  
Another possible variable that may control the magnetization is the growth rate. This 
would be particularly true if clustering were involved, though the role of the incorporated 
compensating defects in this material may also be a function of the growth rate. Due to 
the low vapor pressure of the transition metal sources, this is somewhat problematic for 
transition metal-doped GaN, as discussed about previously in Chapter 3. Based on flow 
considerations in the reactor, it is not possible to maintain a normal high growth rate (~2 
µm/hr) for GaN and introduce sufficient precursor for alloying concentrations using the 
metallocenes. Figure 5.18 shows the magnetization behavior of two samples grown at 
difference growth rates. The Mn:Ga precursor ratio was held constant in these two 
samples based upon the anticipated vapor pressures at the growth temperature. It is 
evident in this diagram that the samples grown at a slower rate tended to have a higher 
magnetic signal strength. This may be solely due to fluctuation in concentration across 
the wafer, though even lightly doped samples grown slowly tended to have larger 
magnetization strengths. This may also be a result of incorporation limits of the transition 
metal atoms into the lattice. Some reports of Fe doping into GaN suggest that the 
transition metal ions “float”, or segregate to the surface during the growth process [172]. 
If this were saturated at the surface, then an increase in the growth rate would lead to a 
decreased incorporation of Mn.  
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Another possible cause for the increased magnetization strength with reduced 
doping is the role of surface diffusion and its relation to clustering. With slower growth 
rates, there is more time for transition metal atoms to diffuse on the surface and they are 
more likely to interact with other transition metal atoms. If there is a strong free energy 
benefit to staying in this clustered configuration, then this could also lead to an increase 
in the contribution to the magnetic signal from secondary magnetic phases. Future studies 
focus on understanding this phenomenon. 
5.4.6 Magnetic property discussion  
Although no direct evidence of metallic GaMn- or MnN- clusters was observed in 
high-resolution XRD, the presence of small ferromagnetic clusters or additional phases 
could not be completely ruled out. Small size, small volume fraction, or an orientation 





































along non c-axis directions would suppress the respective signals. Hence, the 
experimental findings do not fully preclude the existence of these second phases below 
the resolution limit of the XRD instrument. Based on the contribution per Mn atom, 
however, this is unlikely to be the sole source of FM. In addition, the cluster model 
cannot explain differences in the strength of the magnetization with annealing or in the p-
type and n-type implanted samples.  Formation of manganese nitride compounds has also 
been seen in bulk crystals of Ga1-xMnxN  [103] and annealed samples of Mn-implanted 
GaN [173]. Theoretical predictions anticipate large TC values for MnN clusters in the 
nitride-based materials [67], which could play at least a small role in these samples. The 
elevated growth temperatures in MOCVD promote enhanced surface and bulk diffusion, 
and hence may lead to more Mn-Mn and Mn-N interactions than in samples produced by 
lower growth-temperature methods. 
The origin of the variation in magnetization strength with varying doping level 
and p-type and n-type doping is still under debate. The large decrease in magnetization 
with co-doping and annealing suggests a common origin to the deterioration of the 
magnetic properties of Ga1-xMnxN in annealed and as-grown samples. The initial theory 
that drove people to study these materials relied on the presence of a large quantity of 
free carriers – specifically hole free carriers – to stabilize the ferromagnetism. Hall 
measurements indicated that the as-grown Ga1-xMnxN is semi-insulating, as described 
elsewhere in this chapter. Co-doping with other shallow dopants or acceptors does not 
improve the conductivity significantly, which is consistent with the report of Mn as a 
deep trap [169]. No p-type conductivity was observed, in contradiction to predictions of 
prevailing mean field DMS theories; thus a different origin of the ferromagnetism must 
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be considered. This lack of agreement with the DMS mean field theories is often reported 
for ferromagnetism in the III-nitrides. 
Alternately, the ferromagnetism may be tied to a Mn-related impurity band within 
the bandgap resulting from double exchange, as also suggested via density functional 
theory calculations [53]. A similar school of thought suggests that this variation is due to 
the depopulation of an impurity band [69]; the location of this band relative to the 
conduction and valence band may be anywhere between 1.4 eV [50] and 1.8 eV [169] 
above the valence band.. This model does not require additional carriers, and predicts 
elevated (above RT) Curie temperatures for even low (2%) Mn concentrations [54] when 
using a mean field approximation to this model.  The reasons for the drastic difference in 
the magnetic behavior in these samples may be understood within the framework of filled 
and un-filled Mn impurity band states. In order to be able to support ferromagnetism, the 
Fermi level of the system must be in the spin split DOS Mn-impurity band, which is 
essentially midgap. The Fermi level must lie below the Mn2+/3+ acceptor level so that the 
t2 band is only partially filled, allowing it to support hopping and double exchange that 
stabilize the ferromagnetism. Increasing the Fermi level by introducing donor states 
above this level results in trapping of donor electrons filling the t2 band. This leads to a 
conversion from the Mn3+ (d4) to the Mn2+ (d5) configuration, thus eliminating the 
hopping pathway necessary for ferromagnetic ordering. These donor states may be 
introduced either by intentional co-doping, as in the case of Si co-doping, or by the 
introduction of vacancies and other shallow donor defects during the annealing process. 
Data reported below for these same samples showed a close correlation between the 
optical properties and electron paramagnetic spectrum with the valence state variation 
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and magnetic properties in this system. This model does have some difficulty in 
explaining why band type conductivity would be observed with essentially no overlap in 
the electron wavefunctions. 
Based on the double exchange model, an increase in the hole concentration is 
predicted to lead to an increase in the Curie temperature and magnetization [174], as 
should light p-type doping in the cases of an impurity band.This is clearly not the case in 
these films, and may be a result of overcompensation and structure degradation at the 
high doping level in the growth process. 
 A similar observation can be made for the decrease in magnetization in the 
annealed samples. For both the mean field and double exchange mechanisms to be valid, 
Mn must be in the 3+ valence state [24], either as d4 or d5 + hole; Mn2+ in GaN has been 
observed to lead to paramagnetism. Several mechanisms could lead to the decrease in 
ferromagnetism in these samples with annealing, in addition to outdiffusion of Mn. 
Increased antiferromagnetic Mn-Mn superexchange interactions would result from Mn 
atom nearest-neighbor clustering. Additionally, secondary phases - including the 
antiferromagnetic MnxNy compounds - are known to form at elevated temperature 
annealing [162]. 
Annealing in a nitrogen atmosphere also drives out any residual hydrogen from 
the layers; hydrogen has been shown to aid magnetic behavior by passivation of defect 
states [175]. Similarly, annealing can introduce nitrogen vacancies which act as shallow 
donors, driving the Fermi level towards the valence band. Given that strong 
ferromagnetism is seen in the p-type implanted sample and the as-grown MOCVD 
sample, it is proposed that controlling the Fermi level by keeping EF less than the 
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Mn2+/3+_acceptor level can lead to enhanced ferromagnetic behavior in the Ga1-xMnxN  
dilute magnetic semiconductor system. 
Another suggestion regarding the effects of the various dopants is that they cause 
Fermi level-dependent changes in the diffusion of the material [24]. This would foster 
different diffusion rates in the material and result in enhanced clustering and/or 
ferromagnetic second phase formation. Diffusion studies performed on these materials in 
this work are inconclusive regarding the differences in Mn diffusion in n-type and 
undoped GaN via bulk diffusion. An analogous surface diffusion-related effect may be 
observed during the growth process, due to anti-surfactant effects. Si is a well-known 
antisurfactant in GaN growth; it reduces the overall diffusion lengths by providing 
additional nucleation sites for film growth. Under sufficient flows of silane, the MOCVD 
growth mode has been reported to shift from a 2-dimensional to 3-dimensional growth 
[176]. The  ZFC/FC splitting observed in some magnetization studies may be related to 
this transition in the growth scheme and reduced Mn cluster size or Mn-Mn interactions 
owing to the Si anti-surfactant effect; this hypothesis will be discussed in more detail in 
the next chapter. As reported elsewhere, nucleation studies for Ga1-xMnxN suggest that 
Mn may also have an antisurfactant effect [177]. 
5.5 Hall Effect measurements  
 In order to investigate the role of carriers on the magnetic coupling in these 
materials, it is first essential to investigate their electrical properties. This can be done 
using Hall Effect measurements. Through extrapolation of this method in magnetic fields, 
some dilute magnetic semiconductors are known to exhibit a large anomalous Hall 
contribution, which can indicate magnetic ordering in the system. The measured carrier 
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type in these samples is n-type in all cases, similar to what has been reported for 
ferromagnetic Ga1-xMnxN in the literature [85]. However, it is likely that this is merely a 
function of the template layer used to grow the samples, especially in the samples without 
Si codoping. To achieve high structural quality for the Ga1-xMnxN layer, these epilayers 
were grown on 1 micron thick GaN template layers; for the Si codoped samples, these 
layers were doped n-type. The measured Hall concentrations of the as-grown, 
unintentionally doped Ga1-xMnxN films were around n=5x10
16/cm3, which is very close 
to the measured background carrier concentration of the unintentionally doped template 
layer. Similarly, increasing the Si doping within the Ga1-xMnxN layer does not result in an 
increase in measured carrier concentration: the value observed was n=8x1017/cm3, almost 
exactly the measured carrier concentration in the n-type template layer on which these 
samples were grown. Thus, all of the measured n-type behavior is due to parallel 
 
Figure 5.19 Measured Hall concentration in n-GaN and GaN with Mn doping. No 
systematic deviation in carrier concentration is observed due to parallel conduction 
through the templates 
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conduction through the virtual template, and the observed ‘n-type’ character that is often 
reported in these systems may be solely due to the template. In order to clarify this point, 
layers were grown from the substrate up with Mn in the virtual template layers. For these 
samples, the resistivity was too high to measure and the contact resistance increased by 
several orders of magnitude, consistent with predictions and other observations of Mn as 
a deep impurity level. It should be noted that the layer grown on the Mn-containing 
template has a reduced quality and does not exhibit strong ferromagnetism,, even though 
it exhibit the strong reddish tint indicative of Mn2+ incorporation. 
5.6 Electron Paramagnetic Resonance in Ga1-xMnxN 
Electron paramagnetic resonance (EPR) in the X-band was used to study the 
incorporation and electronic structure of the manganese ions in GaN. This technique is 
particularly useful because it provides an indication of the local environment of a 
particular atom within the lattice. Moreover, this technique also allows for the 
investigation of Mn-Mn interactions, which are also reflected in the EPR signal. 
 Applying this technique in the thin films, particularly Ga1-xMnxN thin films, is not 
without its challenges. EPR is usually a bulk technique, so the signal is much weaker in 
thin films simply because the sample volume of the sample is lower. The dilute nature of 
the substituent transition metal atoms also gives a lower signal to work with in the 
analysis of these samples. The mixed-valence character of transition metals adds another 
complication to the EPR analysis. Only ions with half-integral unpaired spins, such as 
Mn2+,  give a strong signal. The signal from a trivalent Mn ion would be a couple of 
orders magnitude weaker. Another issue that hinders the complete analysis of the Mn-
doped samples is a large effect from the relatively thick substrate. One of the primary 
impurities found in Czocralski-grown sapphire crystals is the Cr3+ ion. This ion gives a 
 
162 
strong signal in  the same region of the EPR spectrum as the desired Mn2+ signal, as is 





Figure 5.20 X-band EPR spectra of Ga1-xMnxN  thin film following annealing at 














 Figures 5.20 and 5.21 show measured X-band EPR spectra from annealed and Si-
codoped MOCVD grown samples, with the magnetic field applied parallel and 
perpendicular to the c-axis of the crystal. For reference and comparison, the figures also 
show the expected positions of the hyperfine lines based on calculation using the spin 
Hamiltonian for Mn in the GaN lattice. The predicted spectra of isolated Mn2+ were 
observed in the X -band, but only in annealed and Si co-doped Ga1-xMnxN.  The as-
grown samples did not show a measurable Mn2+ signal, presumably because a majority of 
the transition metal is in the Mn3+ state.  The characteristic EPR spectra of a 1µm thick 
Ga0.985Mn0.015N epilayer for the magnetic field directions (B)parallel and perpendicular to 
the hexagonal crystal c-axis are shown in Figures 5.19 and 5.20 together with the 
corresponding stick spectra.  The allowed five fine structure lines generated by the 
electron spin transitions with ∆M = ±1 are resolved, each six fold split by the 55Mn 
hyperfine interaction due to the coupling of the 6A1 ground state of Mn
2+ to the nuclear 
spin I=5/2 of the natural isotope 55Mn. No allowed EPR transition within the Mn3+ 
ground state manifold with S=2 could be observed in the X-band with the available 
magnetic field, since this signal is expected to be much weaker due to the non-Kramers 
character of the Mn3+ ion. It is also interesting to note that nn the Si-codoped samples, no 
indications of Mn-Mn interactions are observed. Previously, Mn-Mn interactions have 
been observed in MnP compounds [178], so their absence in these samples may be 
significant and an indication of reduced interactions based on Si-codoping in these 
materials. 
5.7 Raman spectroscopy 
5.7.1 Mn doping series 
A more detailed study of the local and long-range lattice properties was 
performed by Raman spectroscopy. Micro-Raman spectroscopy was performed to 





Figure 5.22 Raman spectra of MOCVD-grown Ga1-xMnxN epilayers as a function of 
alloying concentration. The spectrum is dominated by the GaN E2(high) mode. The 
modes around 160, 300, and 670 cm−1 are disorder activated  
 
166 
grown Ga1-xMnxN, in an effort to explore the effects of Mn introduction on the crystalline 
quality of the nitride system. Raman spectra were recorded at room temperature in back 
scattering geometry for GaN epilayers varying in Mn concentration from 0.0 to 1.5%. 
Figure 5.22 shows Raman spectra for the as-grown Ga1-xMnxN  samples. 
All of the spectra are dominated by the GaN E2(high) mode at 569 cm
-1.  This 
peak is shifted by 2 cm-1 from the relaxed GaN value of 567 cm-1 due to tensile strain as a 
result of the growth on sapphire substrates.  Other Raman modes detected at 735 cm-1, 
560 cm-1, and 533 cm-1 (A1(LO), E2(TO) and A1(TO), respectively) are consistent with 
those of the GaN host lattice. The presence of sapphire modes at 417 cm-1 and 633 cm-1 
could not be completely eliminated based on the wavelength of the laser used (488 nm), 
which penetrates through the transparent layers to the sapphire substrate. No correlation 
of these modes to the Mn concentration was observed by Raman studies.  The 
observations also confirm the absence of Mn-induced strain.  In the case of the 
Ga1-xMnxN layers, even at the highest doping levels, the primary modes in the Ga1-xMnxN 
layers track almost identically with GaN epilayers grown on sapphire. This is in direct 
contrast to GaN layers on silicon, which exhibit a shift in Raman modes to lower energies 
[179]. Thus, even though a high concentration of Mn ions (~1020 cm-3) was incorporated 
in the GaN, no significant contribution to the strain in the sample could be observed. 
However, far infrared  reflection studies revealed that the E2(TO) phonon shifts slightly 
to higher energies with Mn concentration [180], which was attributed to a weakening of 
the bonding within the GaN lattice.  
The presence of a strong A1(LO) mode at 735 cm
-1 confirms the absence of free 
carriers within this system due to the large binding energy of the Mn acceptors. A high 
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carrier concentration (above 1018 cm-3) was ruled out since no broadening of the A1 (LO) 
mode occured. In heavily doped samples, this mode is well-known to broaden and wash 
out in samples with large carrier concentrations [132, 179]. Additional Raman evidence 
of the absence of significant carrier concentrations can be seen in the region of the GaN 
E2(high) mode. In all of these samples, even those under the highest Mn ad Mg- and Si- 
codoping levels, no local phonon-plasmon coupled modes were detected. These modes 
are an indicator of high carrier concentrations [179]. 
Mn doping during the MOCVD growth of GaN caused the appearance of modes 
in the Raman spectra not typically observed for the GaN epilayers or the sapphire 
 
Figure 5.23 The intensity of the vacancy-induced LVMs and the disorder-activated 
mode near 670 and at 710 cm−1 are shown as a function of the Mn concentration in the 
inset. The intensity of the A1(LO) mode does not depend on the Mn concentration and 
is shown for comparison. Note the semilogarithmical plot for the modes at 664, 669, 




substrate. Specifically, Raman modes around 160 cm-1 300 cm-1, and 669 cm-1 appeared 
to be more sensitive to Mn incorporation. Figure 5.23 shows a comparison of the 
intensity of these modes as a function of Mn incorporation, demonstrating a direct 
relationship. The intensities of these modes increased with Mn concentration, but no 
significant shift in their mode energies was observed. In comparison, the intensity of the 
A1(LO) mode does not change with Mn concentration.   Similar behavior was detected 
for a shoulder near 610 cm-1, though low intensity prevented a deeper insight into the 
nature of this band. While the 710 cm-1 mode scales even more with the Mn 
concentration, a direct assignment to a Mn-related vibrational mode is not likely since 
this mode is also observed in, for example, Cu-doped GaN [181].  
Comparison of the measured Raman spectra with phonon-dispersion curves for 
hexagonal GaN shows that the broad peak at 300 cm-1 is a disorder-activated mode 
attributed to the highest acoustic phonon branch [103, 182, 183]. This activated mode did 
not show a systematic dependence on the Mn concentration, but instead correlated more 
strongly with the crystalline quality determined by XRD, EPR and AFM [112, 117].  It 
should be noted that in this study the intensity of these modes is significantly lower 
(normalized to the E2(high) mode) compared to other reports, suggesting that MOCVD 
growth results in the generation of less lattice disorder due to Mn incorporation [103, 
111, 182, 183]. 
A closer inspection of the mode near 669 cm-1 reveals an asymmetric broadening 
of this mode. This substructure can be fitted with an additional mode at 664 cm-1.  The 
intensity of both the  mode at ~669 cm-1 and a shoulder at 664cm-1 were found to strongly 
correlate to the Mn concentration, however, the linewidth of this mode did not show a 
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significant dependence on the Mn concentration. These modes have previously been 
attributed to local vibrational modes (LVM) due to vacancies [103, 111, 182, 183]. In this 
spectral range, a mode was found in GaN  microcrystals at 670cm-1, and it was assigned 
to a disorder-activated vibrational mode [182]. A more general study Limmer et al. 
reported on such a mode caused by vacancies in ion-implanted GaN epilayers [183].  In a 
more recent work based on MBE-grown Ga1-xMnxN [111], this line was attributed to a 
local vibrational mode of the GaN host lattice caused by a vacancy.  The data obtained 
from MOCVD-grown GaN and presented in this work appear to support the conclusions 
drawn by Harima[111]. The MOCVD growth conditions preferentially support the 
generation of nitrogen vacancies and Mn interstitials in the epilayers. In addition, the 
lower intensity of the 669cm-1 mode compared to that reported elsewhere [111] could be 
explained as a consequence of the MOCVD growth, where the elevated growth 
temperatures and more efficient cracking of ammonia lead to lower vacancy 
concentrations. Other work on defect modeling in Ga1-xMnxN suggests that a Mn-
nitrogen double vacancy pair may as a primary compensating defect [184]; this may be 
the source of the 669 cm-1 mode.  
Based on the GaN E2 (high) LO mode with respect to the difference in the 
reduced masses, local vibrational modes (LVMs) of Mn ions on Ga site might be 
expected around 580cm-1. However, no such mode was found in the Ga1-xMnxN 
epilayers, and no phase separation was detected [80]. Unambiguous detection was 
prevented by the dominance of the GaN E2 (high) LO mode and a mode near 576cm
-1 
that was also seen in bare Sapphire substrate. In the future, resonant Raman experiments 
may reduce the influence of the sapphire. Unlike the report by Harima et al.[111], no 
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feature around 580 cm-1 was observed in the Raman spectra that could be assigned to Mn 
substitution in GaN. However, substitutional Mn incorporation has been confirmed by 
other studies on these samples [112, 185-187]. 
5.7.2 Effects with and without Si-codoping  
 An interesting behavior is observed in the samples co-doped with silicon. Silicon 
was originally added to investigate the role of carrier concentration on the magnetism in 
these samples. However, it also plays a role in the underlying defect structure of the 
material. For example, the incorporation of Si as a donor on Ga sites is known to reduce 
 
Figure 5.24 Sensitivity of the vacancy-induced local vibrational mode LVM at 669 
cm−1 on codoping. Magnesium was used for acceptor codoping, and silicon was 




the amount of nitrogen vacancies in GaN since the formation energy for nitrogen 
vacancies in n-type GaN is significantly higher than in p-type GaN [84]. 
Si co-doping, providing shallow donor states in GaN, can be applied to suppress 
the intensity of the formation of nitrogen vacancies. In this Raman investigation, the Mn 
concentration was held constant at the “heavily doped” level of 1.5 % and the nominal Si 
concentration was ~1020 cm-3. Raman spectra of two Ga0.985Mn0.015N epilayers are shown 
in Figure 5.24. For comparison, Raman spectra of samples co-doped with Mg are also 
shown. The intensity of the 669cm-1 mode increases with increasing Mn concentration, 
though the line width does not change. Upon Si co-doping, the intensity of the 669cm-1 
mode is strongly reduced. Moreover, the lack of plasmon-phonon coupled modes even 
with heavy Si-codoping indicates that Mn was incorporated as a deep acceptor, leading to 
the trapping of the electrons provided by the Si donors. Doping considerations, 
specifically a change in the free energy for vacancy formation [127], provide a further 
argument for this mode to be related to nitrogen vacancies or complexes. Polarized 
Raman spectroscopy performed on these samples confirms that this mode is point defect 
related, Figure 5.25. Vacancy formation is also suggested by the infrared reflection data 
which shows a weakening of the GaN lattice with heavy Mn incorporation [180], and has 
been suggested as the predominant decay mechanism in ion implanted p-GaN [77]. A 
high vacancy concentration could also result in the observed decrease in lattice parameter 
with Mn-doping via MBE [167], whereas based on strictly atomic radii considerations an 
increase in lattice parameter would be expected. 
5.7.3 Comparison with implanted samples 
Raman spectroscopy was also used to compare the structural quality of the ion 





Figure 5.25 Polarized raman spectroscopy of Ga1-xMnxN as a function of doping, showing that the mode near 670 cm






Figure 5.26 Raman spectra of ion-implanted GaN:Mn epilayers  Raman spectra were 
also recorded after a 5 min RTA treatment at 700 °C in nitrogen atmosphere. The 





spectra for the as-grown Ga1-xMnxN samples and the ion-implanted samples.  The most 
prevalent feature in these samples is the much higher background signals and presence of 
a strong disorder mode around 300 cm-1. These low-energy Mn disorder-activated modes 
result from defect densities that cause a loss of wave vector conservation in the scattering 
process [103, 182]. Both the 160 cm-1and 300 cm-1 modes were also observed with a 
higher intensity in the ion-implanted GaN epilayers. Annealing at 700 °C reduced their 
intensity, and the Raman spectra became similar to those of the MOCVD-grown 
Ga1-xMnxN epilayers. However, annealing could not completely remove the lattice 
disorder, a result which is consistent with the previously mentioned x-ray diffraction data. 
In addition, in the GaN:Si implanted samples there is still a mode at 669 cm-1. This 
suggests that is important to have the donors present during the growth process. This 
vacancy-related mode, which is also observed in samples implanted with other elements, 
can also be formed through implantation damages. Thus, no suppression of the vacancy-
induced LVM was observed for the n-type sample. 
5.8 Optical properties of Ga1-xMnxN films 
Optical studies are an essential tool for examining the crystalline quality, defect states, 
and formation of impurity bands from the introduction of manganese or other transition 
metals into the lattice. In the following section the effect of substitutional lattice-site 
incorporation of Mn on the optical properties of these materials is discussed in 
comparison with the extensive studies in the literature. 
5.8.1 Photoluminescence 
Photoluminescence (PL) studies were performed in the visible and ultraviolet spectral 
range in order to further understand the role of Mn-introduction in  MOCVD-grown and 
implanted Ga1-xMnxN epilayers. PL measurements were performed on implanted layers,  
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for as-grown, co-doped and annealed epilayers. Additional PL studies were performed in 
the visible spectral range in order to derive more information about the ferromagnetic 
nature and Mn-induced disorder of Ga1-xMnxN layers. The PL results for epitaxially 
grown Ga1-xMnxN are shown in Figure 5.27. The figure includes room temperature 
measurements from thin (300nm) and thick (1 micron) layers grown on GaN templates, 
as well as samples which have been implanted with Mn. In the thick samples, the most 
prominent feature is the blue emission band around 3.0 eV which is also reported in both 
ion-implanted and MBE-grown Ga1-xMnxN [77, 188]. This blue emission band appears in 
samples with a Mn concentration >0.5 % ,resulting in two distinct peaks at 3.0 eV and 
2.8 eV. The band at 3.0 eV is attributed to Mn-related or Mn-induced transitions for 
heavily Mn doped samples.  Recently, the blue band emission was observed in MBE-
grown Ga1-xMnxN and ion-implanted material [15]. These broad  bands are actually a 
broad emission consisting of several bands (>7 distinct bands) ranging from 2.7eV to 
3.1eV, has previously been assigned to transitions from conduction band electrons to Mn 
-related states and from shallow donor (e.g., N vacancy) to Mn acceptor [77, 114, 162, 
188]. Peak energies reported for this emission band range from 2.90 eV [114] through 
3.08 eV [118] at room temperature. These bands are also known to appear in GaN upon 
compensation of acceptors by doping-induced defect states as well as by the 
incorporation of hydrogen on interstitial sites. Accordingly, heavy Mn doping - in 
particular the band at 3.0 eV,-  is attributed to Mn-induced transitions. Lifetime 
measurements suggest similarity to the correspond band observed for compensated 
GaN:Mg, where different defect bands involving spatially indirect transitions were 
foundd to contribute to the blue emission band [189]. 
 In comparison, in the lightly Mn-doped Ga1-xMnxN samples (<0.5%) [190], 
annealed samples, and the samples co-doped with Si, almost no blue band emission but a 
pronounced yellow band attributed to intrinsic gallium defects was observed. In the first 





Figure 5.27 Photoluminescence spectra from MOCVD grown and implanted 
Ga1-xMnxN. Samples. A Mn-related transition occurs at 3.0 eV, while the other 
transitions such as the yellow luminescence (YL) and the low-energy tail of the blue 
luminescence band (BL) can also be found in the template layer. The latter emissions 
are assigned either to crystalline defects (e.g., Ga vacancies) in the case of the YL or 




lattice site which reduces the amount of Ga vacancies. In the latter two cases, intrinsic 
and extrinsic shallow donor states are introduced leading to a compensation mechanism 
of the Mn3+ acceptors. Following the annealing process, the dominant feature (yellow 
band emission) in these spectra is commonly attributed to defect centers (e.g., Ga 
vacancies [191]) in the GaN buffer layer and the epilayer. This is in agreement with the 
reduced intensity of the absorption band around 1.5 eV that was found to decrease also by 
decreasing the Mn concentration and as a result of annealing. A stronger compensation of 
Mn acceptors is seen for Si co-doping. Its PL is similar to that detected for Ga1-xMnxN 
with low Mn concentration, reinforcing that the origin of the particular blue bands 
observed here is assigned to (active) Mn acceptor related states as described above [[77, 
114, 162, 188]. No emission around 3.0 eV was observed in compensated or partly 
compensated material. 
  For the implanted samples, the blue luminescence band is still visible in the 
implanted p-GaN sample, whereas the most prevalent feature in the implanted undoped 
sample is a broad emission band near the yellow, as seen in the annealed sample. As 
shown below, there is a correlation between the presence of these emission bands and the 
strength of the magnetic signal. It appears that the blue-band luminescence seen in these 
two samples is related to this state, which results in stronger ferromagnetic behavior in 
the Ga1-xMnxN system. 
5.8.2 Optical Transmission 
5.8.2.1 Si-codoping effects 
Further investigations on the valence state of Mn in Ga1-xMnxN were performed 
using optical transmission studies. This method, described in more detail in Chapter 3, 
allows clarification of whether isolated Mn ions (as observed for bulk Ga1-xMnxN [192] 
and Ga1-xMnxAs) or the formation of an Mn induced impurity energy, are the primary 
cause for the observed ferromagnetism. Fiugure 5.28 shows the room temperature 
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transmission spectra of four samples. The incorporation of Mn into GaN layers during 
MOCVD growth leads to a broad absorption band, a spectrally diffuse line around 1.5 eV 
with a larger full width at half of maximum (FWHM). These transitions have previously 
been reported in lightly-doped MBE-grown and implanted Ga1-xMnxN epilayers [169, 
193], and identified as intra d-shell transitions in the Mn3+ atom. Optical analysis 
suggests that the incorporation of Mn into the GaN layers during growth leads to an 
absorption band and a resulting dip in transmission spectra around 1.5 eV.  This energy is 
attributed to the transitions from the T2 states to the E states of the 
5D level of the Mn3+ 
ion in the GaN environment. A relatively large FWHM of ~150 meV for this absorption 
band and an increase of its FWHM and its intensity with increasing Mn concentration 
 
 
Figure 5.28 Optical transmission spectrum of Ga1-xMnxN with and without Si-




were observed. The intensity and linewidth of this band scale with Mn concentration; the 
absorption depth (FWHM of the absorption band near 1.4eV) is 1.8% (120meV) for the 
1% Mn sample, and 6.0% (180meV) for the 1.5% Mn sample.  The broadening of these 
states may be due to the high Mn concentration [53].   
In contrast, no such absorption peak was observed in Ga1-xMnxN epilayers that 
were prepared to exhibit n-type behavior achieved by co-doping with Si during growth. 
The relatively large FWHM of 120 meV for this absorption band is much broader than 
previous reports of internal atomic transitions in isolated Mn ions [169]. This absorption 
peak is not observed in nominally undoped GaN grown on sapphire or Ga1-xMnxN layers 
co-doped with silicon, corresponding to a strong sensitivity to the position of the Fermi 
level. As mentioned above, silicon introduces shallow donor states in GaN, which leads 
to a partial or full compensation of the acceptor states introduced by the Mn ions.  The 








Figure 5.29 Expected splitting and location of Mn-d levels in the presence of the 




silicon indicates the sensitivity of the E to T2 transitions to the position of the Fermi level. 
The Fermi level is shifted towards the conduction band because electrons are trapped at 
the Mn levels and fill this T2 band, eliminating this pathway for the internal absorption. 
Hence, electrons are trapped at deep defects and the position of the Fermi level shifts 
towards the conduction band.  
  No further absorption features were found in the infrared spectral range down to 
0.5 eV. The transmission experiments did reveal an increase of detected light below 
2.7 eV and a very weak absorption signal around 1.75 eV. The latter is attributed to the 
emission of holes from the neutral Mn3+ acceptor state [169]. The increase in the 
transmission signal below 2.7 eV is in good agreement with the observed PL band around 
3.0 eV and suggests resonant absorption by Mn-related states [114].These findings 
indicate that the Fermi level in the investigated samples in the broad absorption band is 
located around 1.8 eV above the valence band energy or closer to the conduction band in 
the Si-codoped samples.   
5.8.2.2 Low temperature transmission  
Further information about the origin of the observed absorption band was derived 
from temperature dependent absorption measurements.  Variations in the absorption 
position and linewidth of the band are expected if intratomic transitions of isolated Mn 
ions cause the absorption. Analysis of these effects is difficult due to Fabry-Perot (FP) 
interference oscillations superimposed on all of the background signals. This interference 
pattern was more pronounced in the case of the temperature-dependent measurement due 
to the measurement conditions. This effect can be somewhat eliminated through the use 
of liquid helium measurements at 2K and using bu not an external broadband source, but 
rather luminescence from Cr3+impurities in the substrates. In this case, the 1.41 eV 
transmission shows up very sharply in these samples, with additional higher energy 
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features. The sharp absorption line is attributable to the zero phonon line of the internal 
Mn3+ transition. The higher order features have been suggested to be phonon replicas. In 
addition, though II-VI compounds are known to have strong electron-phonon couplings, 
recent infrared transmission measurements performed on MBE-grown material suggest 
that the electron-phonon coupling in Ga1-xMnxN is relatively weak [194], though the 
superposition of phonon replicas in the absorption data presented here has not been 
eliminated. These findings suggest that disorder-induced broadening in the partially filled 
T2 band can be seen at room temperature, but a closer analysis at low temperatures 
suggests that a broad impurity band capable of supporting long range hopping is not 
necessarily present. The narrow band may be consistent with the carrier freezeout which 





























Figure 5.30 Transmission spectrum of Ga1-xMnxN from sapphire substrate 




 In this chapter, it was demonstrated that metalorganic chemical vapor deposition 
is a suitable technique for the growth of Ga1-xMnxN thin films. The crystalline quality of 
Ga1-xMnxN and the absence of secondary phases in the layers were confirmed by XRD. 
Mn concentration was varied between 0.3 % and 1.5 % as confirmed by various 
techniques. Slight variations in Mn concentrations and thicknesses across the wafer were 
established based on the gas flow and the temperature gradients in the MOCVD growth. 
More importantly, Ga lattice site occupancy of substitutional Mn was confirmed. The 
valence state of the Mn could be varied through the incorporation of Si codoping and 
swapped from Mn3+ to Mn2+. A significant number of compensating defects were 
incorporated with Mn alloying and confirmed via optical studies.  
 Ferromagnetic behavior, indicated by hysteresis in the magnetization spectra, was 
detected in the Ga1-xMnxN samples at alloy levels up to x=.015. Two significant results 
were obtained.  First, the saturation magnetization (size of the hysteresis loop) scales with 
Mn concentration, confirming that Mn doping causes the observed ferromagnetic 
properties. Second, with increasing silicon concentration, the size of the hysteresis loop 
decreases significantly (by more than one order of magnitude). Curie temperature was not 
measured due to experimental limitations, but there is only a small drop-off in the 
observed magnetization between 5 K and 300 K indicating that TC is well above room 
temperature. At high Si concentration ([Si] > 1019 cm-3), ferromagnetic behavior is 
suppressed and the magnetization spectra reveal an overall diamagnetic behavior for this 
sample due to the contribution from the sapphire substrate. 
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Table 5.1 Comparison of observed experimental data with expected results carrier mediated (Zener), double exchange, and 








 It is essential to compare these experimental results with the expected 
observations for the various theoretical models for ferromagnetism in these materials. 
Table 5.1 shows a list of the experimental observations, and compares them with 
expected behavior under the three prevailing theories of ferromagnetism in this system. 
According to the carrier model based theories, an increase in carrier concentration would 
also yield an increase of the magnetization. However, in these studies, the carrier and Mn 
concentration are not high enough to render the mean-field carrier mediated model 
applicable. The formation of transition metal-rich clusters is still a possibility. However, 
transmission electron microscopy does not see any indication of these secondary phases. 
The model that seems to have the best phenomenological correlation to the observed 
magnetization behavior of Ga1-xMnxN is the formation of a partially filled Mn-induced 
band. Ferromagnetism is stabilized by the double-exchange-like interaction of electrons 
in this band.  In the case of low concentration Si co-doping, not every Mn acceptor state 
is compensated. Hence, holes are present in this band, and the magnetic ordering in 
optimally MOCVD-grown Ga1-xMnxN could be attributed to exchange between electrons 
localized on the levels lying deep in the forbidden energy gap.  The reduction of available 
free states for the double-exchange-like interaction (holes) in the T2 band holds for the 
observed smaller magnetization. Finally, although band-like features are seen in the 
optical transmission spectrum, it is unclear why a typically short ranged magnetic 
interaction can result in robust, above room temperature ferromagnetism in these alloys. 
The next chapter will focus on a method for elucidating the underlying physics behind 






COMPARISON OF GALLIUM IRON NITRIDE AND GALLIUM 
MANGANESE NITRIDE AND DEVICE INVESTIGATIONS 
6.1 Introduction 
 In order to elucidate the true mechanism of ferromagnetism in Ga1-xTMxN, 
several possible methods can be used. One method is to perform extensive and sometimes 
esoteric additional characterization techniques on the already grown samples. Although 
this method should ultimately result in a clear understanding of the materials’ properties, 
it can be extremely time-intensive and not feasible within the limitations of the 
characterization tools typically available. An alternate method which should provide the 
same information in a fraction of the time relies on a simple variation of the transition 
metal used in the study.  The prevailing hypotheses on the magnetic ordering in these 
materials can be tested by varying the substitutional transition metal used in the GaN 
lattice rather than by a complete cataloging of a single materials system. 
 Figure 6.1 provides a schematic of several possible origins of the ferromagnetism 
in the nitrides and illustrates how this behavior can be further examined by varying the 
element. The empirical impurity band for ferromagnetism takes into account the fact that 
the majority of Mn atoms are in the d4 configuration. Impurity band holes required for 















J1 = 78 meV
AFM
J1 = -117 meV
Dimer-Trimer Agglomeration
Impurity band filling Hole Mediated Ferromagnetism
2nd Phase Formation
TC(Mn4N) = 745 K
TC(Fe3N) = 535 K  
Figure 6.1  Comparison of  the difference between Mn and Fe in various of the models for the origin of ferromagnetism in the 
transition metal-doped III-nitrides 
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 ensure the presence of these holes. If Fe is used as the transition metal substituent and it 
remains in the trivalent state, the atom will be in the d5 configuration. This would result 
in a completely half-filled shell, a full impurity band, and no hopping pathway for the 
electrons to stabilize the ferromagnetic ordering. Thus, if the impurity band model holds 
for all alloys, then the ferromagnetism should completely disappear. In addition, the 
substitutional Fe exhibits different behavior with respect to hole doping; this could 
potentially still enable the hole-mediated ferromagnetic model to be tested and explored 
in the nitride system. This is related to the positions of the various acceptor levels in the 
nitrides. For example, in the nitrides, the Mn2+/3+ acceptor level is predicted to be 1.8 eV 
above the valence band edge. Optical measurements presented in the last chapter and by 
other researchers [169] support this analysis through both theoretical and experimental 
predictions. Upon attempting to introduce hole carriers into Ga1-xMnxN in an attempt to 
stabilize the ferromagnetism, only a conversion of Mn3+ to Mn4+ is observed [195], rather 
than an increase in carrier concentration. Optical measurements have confirmed a 
conversion through the optical transitions which places the position of this acceptor level 
at 1.1 eV above the valence band edge. Consequently, it is impossible to introduce any 
significant hole concentrations in Ga1-xMnxN.  The situation in Ga1-xFexN is somewhat 
diffferent, since the Fe3+/4+ acceptor transition is predicted to be near the valence band 
edge rather than near the middle of the gap [196]. This would make it possible, provided 
some of the other materials and crystalline quality issues can be resolved, to 
overcompensate the Fe traps and dope the material p-type. Whether sufficient hole 
concentrations could be obtained is a separate issue since the deep nature of the Mg 
acceptor (200 meV above the valence band edge) means that only about 1% of the 
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acceptors are activated at room temperature; carrier concentrations are typically on the 
order of 1017, which is much less than the 3.5x1020 needed for room temperature 
ferromagnetism [22]. 
 The use of both Fe and Mn in separate samples also allows for a comparison of 
the various cluster models for ferromagnetic ordering. In particular, Mn and Fe embedded 
clusters are expectted to behave very differently according to the dimer/trimer models for 
ferromagnetism [19]. Based on the first principles calculations used in the study, it was 
found that it is energetically favorable not only for Mn atoms to cluster, but also for 
ferromagnetic ordering by those atoms that do cluster to have a predelection to order 
ferromagnetically. The exchange integral J1/kB calculated for a dimer pair of Mn atoms in 
a GaN lattice is 78 meV. In contrast, the exchange integral for an Fe dimer is -117 meV. 
The change in sign indicates an antiferromagnetic coupling. The origin of this mechanism 
is similar to the impurity model and results from a competition between the 
superexchange and double exchange interactions. If small amounts of an incommensurate 
ferromagnetic phase instead of embedded clusters result in the hysterestic signal, then 
this should also be differentiable through a variation in the transition metal dopant. The 
various competing ferromagnetic phases should have distinct Curie temperatures based 
on the element used. For example, Mn4N has a TC of 745 K. Even in the arsenides, when 
phase separation occurs, the residual Curie temperatures of the embedded phases are still 
visible in the magnetization curves. These second phases might be somewhat affected by 
lattice parameter shifts since digression from the equilibttium value in the lattice spacings 
will result in a change in the strength of the magnetic exchange [197]. 
6.2 Growth of Ga1-xFexN   
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6.2.1 Background on Ga1-xFexN growth  
There has actually been interest in the use of MOCVD for the incorporation of Fe  
for a longer period than for incorporation of Mn. Specifically, the use of iron in semi-
insulating templates for templates for high electron mobility transistors was reported as 
early as 2002 in the nitrides [198] and even further earlier in the phosphides [199]. More 
recent efforts have focused on producing Ga1-xFexN at lattice concentrations suitable for 
spintronics, and there have been reports of MOCVD grown materials which exhibit room 
temperature ferromagnetism [200]. Other reports have seen ferromagnetism in implanted 
samples [201] although the observed TC has been reported from less than room 
temperature to above room temperature. Moreover, the use of MOCVD as the growth 
technique has a number of challenges, such as selecting the suitable precursor and 
memory effects [198]. 
6.2.2 X-ray diffraction 
High resolution x-ray diffraction (XRD) scans are shown in Figure 6.2. In these 
scans, the only visible reflections are the basal plane reflections of the GaN layer and the 
sapphire substrate. No significant angular deviation or peak splitting is observed in the 
GaN (0002) reflections; this indicates that the lattice parameter in the transition metal 
doped layer is close to that of the GaN template, as would be expected from the relative 
sizes of the Ga, Fe, and Mn ions and the relatively low alloying concentrations. The XRD 
linewidths varied slightly from sample to sample, but were about 200 arcsec for the (002) 
and 500 arcsec for the (102) reflections in all cases. Although no direct evidence of 
metallic Mn or Fe containing clusters was observed in high-resolution XRD, the presence 
of small ferromagnetic clusters or additional phases could not be eliminated based solely 
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on the XRD data. Embedded nanocrystallites or an orientation along non-c-axis 
directions would not be measurable under the measurement configuration. The 
experimental findings do not fully preclude the existence of these second phases below 
the resolution limit of the XRD instrument. 
6.2.3 Optical and Atomic Force Microscopy  
The as-grown Ga1-xFexN films are specular to the naked eye. Similar to the Mn-
doped films which were reddish in color, the as-grown Fe-doped films are colorless 
except when co-doped with high levels of Si (>1019 /cm3); then the Fe-alloyed thin films 
turn yellow. This coloring can be attributed to the absorptions which result from d-d 
transitions in substitutional divalent transition metal atoms. In all cases, Hall Effect  
 
Figure 6.2 High resolution X-ray diffraction (2θ−θ) scans for Ga1-xMnxN and Ga1-xFexN 
layers grown on sapphire templates. Note that over five orders of magnitude there is no 
indication of any secondary phase formation. The scans have been separated vertically 





Figure 6.3  Nomarski images of as-grown GaMnN and GaFeN thin film surfaces; From the upper left a) Ga1-xMnxN (x=0.01) b) 




measurements indicated that the as-grown Ga1-xFexN films are semi-insulating or weakly 
n-type, even in films which have been co-doped with Si-donors in an attempt to improve 
the carrier concentrations to induce carrier mediated magnetism.  
 Another important aspect of the as-grown films is the surface and structure 
quality. Although XRD does not reveal a large macroscopic effect, a considerable 
difference can be observed in the surface quality of the iron doped thin films when 
compared with undoped GaN thin films. Nomarski microscope images of the Ga1-xMnxN 
and Ga1-xFexN thin films are shown in Figure 6.3. In the more heavily doped (~1%) 
Ga1-xMnxN thin films in Figure 6.3, the surface appears smooth and specular, even with 
the large intended doping levels. However, for the Fe-alloyed samples, there is a 
considerable change in the surface roughness with increasing Fe concentration. Memory 
effects which have been observed in Ga1-xFexN [198] may play some role in Ga1-xMnxN 
as well. Nevertheless, samples grown at low doping levels after a series of high doping 
level runs can still exhibit a smoother surface in the Mn doped samples.   
 Results from atomic force microscopy (AFM) confirm the expected results of the 
optical microscopy. Figure 6.4 shows AFM scans for Fe-doped samples of increasing 
doping levels. In both of the lightly doped Ga1-xFexN samples, clear step flow growth 
patterns typical of the 2-D step flow growth of GaN are clearly visible. The root-mean 
square (RMS) roughness values for these scans are less than 1nm, similar to that of the 
GaN template. However, as the Fe concentration is increased, the surface roughens 
considerably; it ranges from 3.7 nm to 28.4 nm RMS roughness for a 4 µm by 4 µm scan 








Figure 6.4 Atomic force microscopy scans of Ga1-xMnxN  and Ga1-xFexN. The scans are 
of a) Ga1-xMnxN  (x=0.015) 10 µm x 10 µm scan,  RMS roughness = 0.32 nm. b) 
Ga1-xFexN  (x=0.001);  4 µm x 4 µm scan,  RMS roughness = 0.4 nm. . c) Ga1-xFexN  
(x=0.005);  4 µm x 4 µm scan,  RMS roughness = 3.7 nm. . b) Ga1-xFexN  (x=0.009);  4 




Iron, and its use in the MOCVD process, has a larger effect on the structural quality of 
the thin films than Mn-alloyed films grown by the same process. The reason for this may 
be related to an elevated growth rate used in the production of these samples. A new mass 
flow controller (MFC) allowed for a higher flow rate of the metallocene precursor and 
hence a higher overall growth rate in the Ga1-xFexN runs as compared to the Ga1-xMnxN 
runs. If this affected the gas flow dynamics, it may prevent the formation of a good 
diffusion layer on the surface, and thus affects the incorporation and surface roughness of 
these films.  
6.2.4 Raman Spectroscopy 
Raman spectroscopy studies were performed to examine the effect of Fe 
incorporation on the vibrational modes of the GaN lattice. These studies were recorded at 
room temperature in back scattering geometry using a 488 nm laser.  Figure 6.5 shows 
the Raman spectra between 525 cm-1 and 750 cm-1 for GaN epilayers without transition 
metal doping, a Mn concentration of 1.5%, and a Fe concentration of 0.7% as estimated 
from the growth conditions. The most prominent feature in all of these scans is the 
E2(high) and A1(LO) modes at 569 cm
-1 and 735 cm-1 respectively. This indicates that 
there is not a significant degradation in crystalline quality with transition metal doping; 
the absence of a position shift of these Raman modes indicates that there is no significant 
strain induced by the transition metal incorporation. The A1(LO) mode can be an 
indicator of free carrier concentration, as it is known to broaden and then wash out at 
heavy doping levels in GaN [179]. Moreover, there are no local phonon-plasmon coupled 
modes in the Raman spectra near the E2(high) mode, which also points to a low carrier 





Figure 6.5  Raman spectroscopy measurements of  GaN, Ga0.985Mn0.015N and 
Ga0.993Fe0.007N thin film taken with a 488 nm excitation wavelength. Note the 
similarity and crystalline quality with transition metal doping and the appearance of a 
vacancy related mode at 669 cm-1 in the Ga1-xMnxN  sample and disorder related 




669cm-1 and a shoulder at 664cm-1, Fe doping showed no such mode at 669 cm-1. 
Local vibrational modes (LVMs) of Fe ions on the Ga site based on the GaN E2(high) LO 
mode with respect to the difference in the reduced masses might be expected around 
580cm-1 [111].  However, no such mode was found in the Ga1-xFexN epilayers; this again 
is most likely due to the dominance of the GaN E2 (high) LO mode and a mode near 
576cm-1 that was also seen in bare sapphire substrate, as well as the relatively low 
concentrations of transition metals in the Mn and Fe doped alloys.  
In addition to a broad disorder related feature at 300 cm-1 (not shown), in both the 
Mn and Fe samples have an additional mode at 710 cm-1 which appears as a shoulder to 
the A1(LO) mode. This mode increases in intensity with increased doping concentration. 
This mode has previously been reported in other Raman studies of transition metal doped 
GaN [164]. Due to its insensitivity to the nature of the dopant, it has been best attributed 
to a structurally induced disorder mode. In addition to the allowed c-plane GaN Raman 
modes, there appears an additional A1(TO) mode and E1(TO) mode in the Ga1-xFexN 
scans. The modes are not expected for the backscattering geometry. The appearance of 
this mode is likely due to a relaxation of the Raman selection rules about the Fe-induced 
defects within the system and is consistent with the observed degradation of  structural 
ordering in the system. Alternatively, this may be the result of some polycrystalline or 
disordered grains on the surface as a result of the high Mn incorporation. 
6.2.5 Photoluminescence Spectroscopy 
The effect of Fe incorporation was observed with photoluminescence 
spectroscopy (PL). Figure 6.6 shows a PL scan taken at room temperature for a 






Figure 6.6 PL measurement data for GaFeN layer at 0.3% doping b) Closeup of the room 




major features in this scan are a near band edge luminescence peak and a broad blue band 
luminescence peak centered at 2.8 eV. The peak at 2.8 eV is outside the range of the 
yellow region of the visible spectra sometimes seen for intrinsic defects. This is slightly 
different than previous results reported for Mn where the most prominent feature is the 
blue emission band around 3.0 eV [112]. In some Fe doped samples, emission from a 
yellow band - likely due to defect centers in the GaN buffer layer - is also visible. Also 
present in the transition metal doped samples is a finer structure in the near band edge 
spectra, which is most prevalent in the Fe doped samples. Whereas the undoped GaN 
typically exhibits a single peak at 362 nm, the Ga1-xFexN and Ga1-xMnxN show two 
distinct peaks – one at 362nm and one at approximately 360.5 nm. This may be due to 
either deviations in the alloying and bonding strength within the GaN layer or effects of 
the structural degradation caused by the incorporation of the transition metals. Note that 
this is not due to cubic GaN, whose formation has been previously observed by transition 
metal incorporation in radio frequency (RF) molecular beam epitaxy (MBE) grown 
Ga1-xCrxN [164].  
6.2.6 Magnetization Studies 
6.2.6.1 Hysteresis 
Temperature-dependent SQUID magnetometry was performed on Fe-doped samples 
at temperatures ranging 5 K to 300 K. Figure 6.7 shows the magnetic hysteresis curves of 
a lightly alloyed Mn (1%) and Fe (0.7%) GaN as measured by molar flow ratio samples. 
All graphs have been normalized by the volume of the sample as estimated from in situ 
monitoring of the sample growth rate, time, and area. In both samples there is clear 
evidence of magnetic hysteresis and room temperature ferromagnetism of undetermined 
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origin. Note that ferromagnetism was achieved despite both the Fe and free hole 
concentration (as measured by Hall effect and Raman spectroscopy measurements) being 
far lower than that required by the free carrier mediated mean field theory [22]. Also 
shown in Figure 6.7 is the effect of high levels of Si co-doping on the magnetism as 
measured materials properties. With additional Si incorporation, there is no significant 
change in the carrier concentration in any of the samples likely due to parallel conduction 
through the template layer. In contrast to the structural properties, there is a large 
difference in the observed strength of the magnetization in these samples.  
6.2.6.2 ZFC/FC Studies 
The temperature dependence of the zero-field cooled and field cooled magnetization 
versus temperature curves (not shown) indicates that the TC of the magnetic phase is well 
 
Figure 6.7  Magnetization as measured by SQUID of a) Ga1-xMnxN (x=0.01) and b) 
Ga1-xFexN (x=0.003) taken at room temperature. A magnetic hysteresis is observed in 
both films, though the strength of the magnetization in considerably stronger in the Mn-
containing films relative to the Fe containing films. Moreover, there is a strong 
dependence on the strength of the observed magnetization in the Mn-doped films with 
Si codoping at levels greater than 1019 cm-3, which is not observed in the similarly 
doped Fe films. 
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above room temperature and higher is in the Mn doped samples than in the Fe doped 
samples. A comparison of the zero field cooled and field cooled magnetization plots at 
100 Oe showed no evidence for superparamagnetic clusters as the source of the observed 
hysteresis. A close inspection of the zero-field cooled versus field-cooled temperature-
dependent magnetization curves at the highest doping levels indeed shows a small 
irreversibility, which would suggest a minor contribution from ferromagnetic phase 
precipitates.  Still, the observed strong magnetization could be a result of the improved 
crystalline quality of the Ga1-xMnxN films relative to the Ga1-xFexN films, the interaction 
of the transition metal with the increased number of structural vacancies, or an enhanced 
clustering enabled by easier diffusion through the vacancy-rich Mn-alloyed materials.  
6.2.6.3 Discussion and clustering analysis 
 The existence of ferromagnetism in the iron sample is problematic in light 
of the propoed double exchange-like impurity band hopping model, which fits well with 
the Ga1-xMnxN results presented in the last chapter. Provided that the impurity band was 
completely filled as would be expected from the doping conditions, there should be no 
pathway to stablize the ferromagnetism. It is possible that the ferromagnetic interaction 
therefore originates from extrinsic means. Further ZFC/FC analysis on the Ga1-xMnxN 
samples seems to support this observation. 
 An interesting behavior is observed in the films with increasing Si codoping, 
Figure 6.8. A pronounced superparamagnetic splitting, reminiscent of distributed sizes of 
magnetic nanoparticles, can be observed in the ZFC/FC curves with increasing silane 
molar flow rate. This observation can be understood by looking at the role of silane in 










































Figure 6.8 Zero field cool and field cooled magnetization versus temperature curves 
for Ga1-xMnxN samples with increasing silane molar flow rate. A drop in the observed 
magnetization and large ZFC/FC splitting is observed with intermediate codoping  
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magnetic nanoparticles of distributed size. The equation for the blocking temperature (Tb) 
of a magnetic cluster is given by equation (6.1): 
 

















where V is particle volume, K is the anisotropy constant , τexp  is the measurement time, 
and τo is the lifetime due to the natural gyromagnetic frequency of the particles. The two 
parameters of particular importance to the Tb of Ga1-xMnxN films are the magnetic 
anisotropy term and the volumetric term since the blocking temperature scales linearly 
with each. The magnetic anisotropy term can be particularly high for the embedded 
GaxMnyNz particles due to the highly anisotropic nature of the polar wurtzite GaN films 
and 2-D surface diffusion during the growth. Combined with the volume of the particles, 
this could lead to blocking temperatures well above room temperature and an observed 
magnetic hysteresis in the films below the blocking temperature.  
 Silicon has two effects on the growth of MOCVD-grown films that could affect 
these samples. One effect is the aforementioned reduction of the Mn valence state which 
could result in an effective decrease in the order parameter and the inhibition of Mn-Mn 
interactions: this would then result in spinodal decomposition [202]. The second effect of 
silicon is that of an antisurfactant; it has been used as a nucleation center for the high 
temperature MOCVD growth of quantum dots [203]. Silicon on the GaN growth surface 
increases the local surface energy and acts as a nucleation site for islands; this lowers the 
effective diffusion length of these atoms, and hence lowers the number of Mn-Mn 
interactions which are necessary for the formation of the Mn-rich phase. This results in 
an overall decrease in the volume of the nanoparticles, which in turn leads to a greater 
fraction of this assembly with lower Tb. Hence, a more pronounced splitting in the 
ZFC/FC magnetization curves is observed. 
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6.2.6.4 ZFC/FC modeling for Ga1-xTMxN  
Quantitative modeling of magnetic property curves is difficult because of 
fluctuations in wafer thickness, variations in doping level across the wafer, and 
limitations in sample size and shape measurement accuracy. Nevertheless, it is 
worthwhile to look qualitatively at how a modification in the various contributions to the 
magnetism affects the magnetic signature. In order to accomplish this, simulations were 
performed using a MATLAB program which plots the various contributions to the 
magnetic signature as a function of temperature and field. A temperature-independent, 
linear negative diamagnetic contribution is assumed for the substrate. The paramagnetic 
contribution was separated into a Curie (Mn2+) and Van Vleck (Mn3+) components, both 
of which will give a linear field response. The Curie paramagnetic component has a 
reciprocal temperature proportionality, whereas the Van Vleck paramagnetism was 
assumed to be completely temperature independent. For the ferromagnetic signal, a 
roughly square hysteresis loop shape was assumed with a coercivity of 70 Oe. Instead of 
performing a graphical solution for the molecular field theory ferromagnetic 
approximation, the temperature dependence of the ferromagnetism was fit to a sixth order 
polynomial. The influence of blocked nanoclusters was introduced by considering a 
linear zero field cooled temperature dependence below the blocking temperature. Three 
blocking temperatures (low, middle, and high) were used in these simulations. 
Figure 6.9 shows a graph for what is assumed to be the atomic layout in an as-
grown Ga1-xMnxN sample. The major input to the signal is the Mn
3+ component, and 
lesser contributions from a ferromagnetic phase were incorporated into the model. This 




Figure 6.9 Simulated magnetization vs. temperature and field curves for Ga1-xMnxN with Mn primarily in the Mn
3+ configuration 
and large or high anisotropic clusters. 
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the as-grown materials. The hysteresis curve exhibits a more parallelogram-shaped 
hysteresis curve than is typically present in magnetic materials. There is a long 
temperature-independent region which dominates the ZFC/FC spectrum, as well as a 
slight splitting in the ZFC/FC curves from the nanocluster contribution. 
The effect with major silicon codoping (or alternately, changing the magnetic ion 
from Mn to iron) is shown in Figure 6.10. Instead of having a predominantly Van Vleck 
nature, the paramagnetic contribution has a Curie behavior and as such is much weaker at 
room temperature. This leads to a much smaller hysteresis loop, as is expected in the 
heavily codoped or Fe-doped samples. No change is the coercivity is observed; this is 
consistent with the reported magnetization data. A conversion of Mn3+ to Mn2+ (or Mn4+) 
would result in an overall decrease in the size of the hysteretic signal, which could be 
interpreted as a change in the strength of the magnetization when it was really only a shift 
in the paramagnetic mechanism. Presumably, this would occur where it did through Si 
codoping; or, through attempts at carrier exchange through device layers as has been 
reported [69, 204]. 
The other predominant feature seen in the magnetization signature can also be 
simulated with the rudimentary approximation used in this study. Figure 6.11 shows a 
schematic of a simulation which demonstrates the enhanced splitting in the ZFC/FC 
plots, as was observed with intermediate Si codoping. In order to reproduce this signal, 
the Van Vleck contribution was reduced slightly. In addition, the contribution from 
nanocrystals with low blocking temperatures was enhanced to give a more pronounced 
splitting.  This would be expected for smaller clusters that might form as a result of a Si-

















 It is interesting to note that all of the major features seen in the magnetization 
studies can be replicated with this relatively simple analysis. It is apparent that the 
magnetization strength can be adjusted through a conversion between divalent and 
trivalent Mn states, which only affects the relative paramagnetic contributions to the 
signal. The large splitting in the ZFC/FC curves is indicative of a change in the 
nanocluster morphology that leads to a lower blocking temperature. Additionally,  
comparing the existing literature results for intentionally phase segregated samples, the 
large splitting is typical for intentionally overdoped and phase segregated samples [205].  
On the other hand, Ga1-xMnxAs which has been grown via low temperature molecular 
beam epitaxy shows a more classical magnetization versus temperature curve. This 
classical magnetization versus temperature curve is also seen in Ga1-xMnxN when grown 
by low temperature MBE, with a Curie temperature of 8 K [58] as would predicted by 
Monte Carlo simulations to the double exchange model [206]. This provides further 
support for the idea that dilute Ga1-xMnxN is a low temperature ferromagnetic 
semiconductor, and that high temperature ferromagnetism can be realized through short-
range ordering found in Mn rich regions.  
6.2.6.5 Nanospinodal decomposition in Ga1-xTMxN  
Efforts have been made via first principles studies to reconcile with theory the 
observed high temperature ferromagnetism that is often reported in these materials [207]. 
The pair interaction strength between substitutional Mn atoms was calculated using the 
same framework as the Curie temperature determination. The overall result is a tendency 
for Mn atoms to assemble together because adjacent Mn atoms in the crystal have an 
overall energy lower than that of dispersed Mn pairs. Because there is a similarity in 
metallic alloy solid solutions which possess a strength thermodynamic driving force for 
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like atoms to assemble together, this is termed a local “nanospinodal decomposition”. 
The overall tendency towards phase separation in these materials is well-established: in 
Ga1-xMnxAs  the formation of MnAs nanoparticles at elevated growth temperatures or 
beyond the solubility limit has been reported by numerous researchers [208, 209]. It is 
argued that through a series of 3-dimensional diffusion steps, the binary III-Mn-V alloys 
would segregate into interconnected networks of Mn-V and III-V regions. A calculation 
of the strength of the Mn-Mn interaction parameter in the III-V materials [207] shows 
that it is several times stronger in GaN than in GaAs (30 mRy versus 4 mRy at 5 at% 
Mn), whence the thermodynamic tendency towards local clustering should be even 
stronger in the wide-bandgap materials. If this is the case, then in order to minimize 
clustering, Ga1-xMnxN growth must proceed at conditions far from equilibrium – even 
moreso than for Ga1-xMnxAs. Thus, at the near normal growth temperatures that are 
typically reported, it is probable that some degree of phase segregation cannot be 
avoided.  
6.3 Initial device studies 
The ultimate utility of this materials system will not be determined simply by its 
materials properties; eventually realization of new devices based on this new materials 
system must be achieved. Thus, it was essential in this study to explore preliminary 
devices as a building block for more complicated device structures. These results can 
further be expanded into future devices based on the transition metal doped nitrides. 
6.3.1 Mn-containing light emitting diodes  
  GaN-based p-i-n structures with Mn integrated into the intrinsic region have been 
grown to investigate further the fundamental properties of Ga1-xMnxN layers within GaN-
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based structures. Ga1-xMnxN layers at approximately 1% Mn doping level were grown on 
n-doped GaN layers and were subsequently capped p-type layers of approximately 200 
nm. The Mn thickness was varied between 50nm and 200nm in order to investigate the 
effect of the thickness of the region on the behavior, as shown in Figure 6.12. The 
devices were then fabricated into diode structures using standard GaN LED processing 
techniques. I-V characteristics of the device structures clearly show rectifying behavior in 
the Mn p-i-n structures, as shown via the light and dark curves in Figure 6.13. With 
increasing Mn thickness, the turn-on voltage and resistance of the devices increases, as 
would be expected from the highly resistive nature of the centers. Figure 6.14 shows the 
electroluminescence (EL) behavior of a sample device. The EL spectrum is dominated by 
two peaks. The first one, at 3.4 eV, is due to the bandedge recombination; the second of 
approximately equal in magnitude, at around 2.1 eV, is due to Mn-induced defect-related 
emissions. A similar emission spectrum has recently been reported in Al1-xMnxN devices 
[210]. It is unclear whether this recombination is truly related to Mn recombination in the 
intrinsic region of the device, or whether it is due to recombination of electrons and holes  
 
 
Figure 6.12 Schematic of Ga1-xMnxN p-i-n structures used to study the role of Mn 





Figure 6.13 Electroluminesce behavior of GaN LED’s with a Mn-containing active 
region 
 
Figure 6.14 Illuminated and dark I-V characteristics of a sample p-i-n structure 
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with sufficient energy to transit the highly Mn-doped region that recombine in the GaN 
region. The intensity of the near-bandedge emission is several orders of magnitude lower 
in the transition metal doped p-i-n device than it would be in a GaN p-i-n LED structure, 
and visibly, the Mn-containing emitters are more of a yellow-orange rather than blue in 
color. With increasing thickness of the Mn, the area of light emission decreases 
consistent with a higher spreading resistance in the device with the thicker Mn layer. In 
fact, the lifetime of some of these devices was observed to be very short (on the order of 
a few seconds to a minutes), due to thermal management problems with the devices as-
grown on sapphire substrates. No polarization was observed in the light output of these 
devices. 
6.3.2 Magnetic Circular Dichroism 
One method for determining the band structure of these dilute magnetic 
semiconductors is to use magnetic circular dichroism studies. By probing the difference 
between left- and right-circularly polarized absorption and through the use of optical 
selection rules, it is possible to analyze the spin split nature of the band structure in these 
materials system. It is also possible to analyze the exchange interactions via this method, 
and to determine if this interaction is ferromagnetic or paramagnetic through a field 
dependent measurement of the MCD. This differential absorption feature may also be 
important for device applications based on these materials.  
 Preliminary MCD measurements have been performed via the modulation method 
using a 50 KHz Hinds photoeleastic modulator (PEM). Figure 6.15 shows an 
(uncalibrated) MCD spectrum which compares the differential MCD signals for a 
Ga1-xMnxN  sample taken at room temperature in a field of 0.1 T.  In the region around 
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1.8 eV, there appears to be a slight dip in the MCD spectrum, which could be an 
indication of a magnetic band-structure related contribution to the MCD signal. Note that 
this is not near the band edge as is typically observed for Ga1-xMnxAs [211]. Though this 
result is somewhat preliminary, these results are similar to MCD measurements reported 
in MBE-grown Ga1-xMnxN [116], where a MCD signature near 1.9 eV was attributed to 
an unknown secondary phase. More detailed and precise measurements, as well as a 
comparison with the MCD signals of known competing phases, will be essential to the 
future understanding of the physics of this materials system in the future and the 
development devices based on this magnetic circular dichroism behavior. 
 




6.3.3 Optically induced magnetization 
 Another feature of Ga1-xMnxAs which has not been observed to date in 
Ga1-xMnxN is optically induced magnetization effects. By controlling the polarization of 
light near the band edge in Ga1-xMnxAs, carriers can be excited in sufficient quantities to 
result in an observed FM signal [212]. Because of the deeper nature of the d-state related 
impurity band in Ga1-xMnxN, optically induced magnetization will take on a different 
character. In order to study effects of a population of the band, VSM measurements were 
taken before and during excitation with the unfiltered, unpolarized light of an ultraviolet 
lamp, as shown in Figure 6.16. After illumination under the UV light, a rise in the 
measured magnetization can be seen. The effect is slight; less than 0.5% of the total 
 




magnetic signal (as would be expected from the relative intensity of the source relative to 
the population of the traps), but above the inherent noise of the measurement. Also, it is 
reversible with the illumination is removed. Further investigations should explore the 
spectral, radiant intensity, and polarization dependence of this phenomenon, and attempt 
to eliminate the possibility of any contribution from charging, heating, or other potential 
measurement-dependent effects. If a correlation between the polarization and strength of 
this signal can be understood, it might open up new avenues towards combined magneto-






CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
This work focused on the exploration of two materials systems, transition metal-
doped ZnO and GaN, that theoretically showed promise towards the development of 
room temperature semiconductor spintronic applications. Through the development of 
growth techniques capable of producing high-quality material, numerous things were 
learned about these two materials systems. The results of this research demonstrate that 
the initial optimism over ferromagnetism in these materials may have been somewhat 
misguided, as many of the conditions needed to realize ferromagnetic ordering from the 
dilute semiconductor via the theoretical models are not achievable in these materials 
systems. Nevertheless, vital information was learned about these materials that may 
render them, or at least their derivatives, useful for future applications in the field of 
spintronics. 
 The initial studies focused on the characterization of bulk nominal-single crystals 
of ZnO. This bulk growth technique was particularly suitable for elucidating the true 
properties of this materials system because thermodynamics supports the alloy-level 
substitution of these elements on lattice sites. It can completely eliminate contributions 
from grain boundary effects and interfacial effects from the substrate. In this study, we 
have demonstrated that bulk melt-growth is a suitable technique for the introduction of 
transition metals on the lattice site in ZnO. X-ray diffraction reveals that, within limits, 
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the as-grown samples or oriented bulk single crystals have no gross indications of second 
phase formation up to an alloying concentration of 5%. The divalent substitution was 
revealed by the distinct color of the individual single crystals – red for Mn, yellow for Fe, 
and green for Co. UV visible transmission indicates the individual d-d transitions which 
cause the absorptions leading to these colors.  Raman spectroscopy was performed on the 
sample and confirms the single-crystal nature of the bulk samples. The introduction of the 
alloying elements in these samples has a significant contribution to the appearance of 
silent modes in the Raman spectra due to local site disorder. Cobalt substitution has less 
of an effect on the overall crystalline quality, as evidenced by the XRD and Raman 
studies. Electron paramagnetic resonance also shows that substitutional divalent 
transition metals on the lattice site are present in both cases. Consistent with the Raman 
and XRD diffraction measurements, there is also the presence of a signal related to some 
imperfections in the material. 
Magnetization revealed clearly and unequivocally that the ZnO based materials 
were not intrinsically ferromagnetic in the case of divalent substitution in the single 
crystal samples. All of the transition metals showed paramagnetic ordering at 
temperatures from 5 K to 300 K which scaled with the transition metal concentration. 
Through an analysis of the dependence of the magnetization on temperature, the 
predominant exchange mechanism was revealed to be antiferromagnetic superexchange. 
Magnetic hysteresis was observed in some single crystals; this phenomenon was limited 
to crystals produced via ion implantation or cases where the crystal was of reduced 
quality  or possessed low-angle grain boundaries. These samples also showed evidence of 
small magnetic clusters in ZFC/FC magnetization scans. Thus, through the careful 
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development and analysis of this materials system, the true properties of the 
homogeneous alloy system were revealed. The observed ferromagnetism in these samples 
is likely due to a combination of impurity phases or an interaction with defects in the 
ZnO system that can stabilize the room temperature hysteretic signal. 
GaN thin films doped with transition metals were also explored in this 
dissertation. Here, metalorganic chemical vapor deposition was demonstrated to be a 
suitable technique for the growth of these transition metal doped III-nitrides. Crystalline 
quality was observed to be similar to that for MOCVD-grown intrinsic GaN under the 
same conditions, as observed via atomic force microscopy and X-ray diffraction. Lattice 
site occupancy of the transition metal dopant was confirmed via electron paramagnetic 
resonance and optical transmission studies. In Ga1-xMnxN, it was shown that Mn acts as a 
deep acceptor. Valence state control of the Mn atoms between the trivalent and divalent 
state was shown to be possible through the introduction of intentional codopants. A 
corresponding change in the optical, EPR, and magnetization signals was observed with 
silicon codoping. The introduction of alloying concentrations of Mn also introduced a 
significant amount of defect compensation into the material. Raman studies suggest that 
the formation of nitrogen vacancy related complexes increases with increasing Mn 
incorporation. This assignment is supported by an observed decrease in the thermal 
stability of the films.  
In order to develop spintronic devices based on these materials systems, it is 
desirable to have an intrinsic origin for the room temperature ferromagnetism. 
Magnetization studies indicate the presence of a room temperature ferromagnetic 
contribution to the hysteresis curves. The strength of this magnetic signal, but not the 
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coercive field, appeared to be closely correlated to the presence of Mn3+ in the optical 
data, whereas a strong Mn2+ contribution leads to a much weaker ferromagnetism. This 
would be consistent with an impurity band model for ferromagnetism. To investigate this 
hypothesis, Ga1-xFexN which do not have the same impurity band hopping pathway were 
grown. Nevertheless, room temperature ferromagnetism was also observed in the iron-
doped samples. Additionally, the Mn-doped samples showed a strong irreversibility in 
the ZFC/FC curves with Si codoping, which is more consistent with a nanoclustering 
behavior as opposed to a homogeneous alloy behavior. Qualitative magnetization curve 
modeling suggests that the observed signal is consistent with a magnetic contribution 
from small TM-rich magnetic clustering regions, combined with a paramagnetic 
magnetization signal from isolated substitutional transition metal atoms. The apparent 
increase in the magnetization signal with codoping results from the conversion of 
transition metal ions from a Curie paramagnetic configuration to a temperature-
independent Van Vleck parmagnetic configuration. These results are also consistent with 
homogeneous Ga1-xMnxN alloys grown by other methods exhibiting low temperature 
ferromagnetism (<30 K), as would be expected from the first principles calculations.  
7.2 Future Directions 
Though much had already been explored regarding the transition metal doped III-nitrides 
and zinc oxide, a considerable amount of scientific understanding and engineering 
capability can be gained from a further study of these materials. In particular, aspects 
related to role of defects in ZnO in the materials are not well understood. Further 
investigations might lead to a better understanding of these interfacial ferromagnetic 
interactions and see if it is possible to exploit this unusual scientific phenomenon for 
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spin-based devices. There have also been reports of unusual room temperature 
ferromagnetic behavior in Gd-doped GaN and ZnO samples. Though the ZFC/FC curves 
in these Gd samples is more consistent with clustered Ga1-xMnxAs and Ga1-xMnxN 
samples, the origin of the ferromagnetic interaction is not well understood. In addition, 
the theoretic predictions of spin-crossover, particularly optically-induced spin crossover, 
in the III-N might provide a new approach towards optically controlled magnetic devices. 
This work has also demonstrated that the MOCVVD growth route can be used to produce 
embedded magnetic phases within the GaN system. If the nature of these magnetic phases 
can be understood and control of these metstable embedded phases can be engineered 
within the growth process, it could enable the development of other novel device 
architectures as described below. Based on the nature of ferromagnetism that has been 
shown for the wide bandgap semiconductors, it is clear that different routes must be 
explored towards implementation than in traditional spin electronic devices. 
7.2.1 Polarized emitters and detectors  
 One of the preliminary devices that previously been demonstrated in the GaAs 
system, and which has not been seen in the III-nitrides is that of the circular polarized 
light emitting diode. In Ga1-xMnxAs, this is truly a spin-based device, where spin 
injection of polarized carriers from a semiconductor layer results in a polarized output. 
The case of the nitrides will not necessarily fit into this standard paradigm: the magnetic 
ordering mechanism in these materials appears to be considerably different, and likely 
has a strong contribution from Mn-rich clusters. In order to develop polarized emitters 
and spin polarized detectors from this materials systems, it may be possible to employ 
alternate routes for spin polarized emitters and detectors. 
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Figure 7.1 shows a diagram of some sample structures that can be used to test the 
feasibility of polarization-based devices. In these devices, the principle of operation is not 
to take advantage of the spin injection capabilities. The feature may not be observable in 
the III-nitride DMS materials based on the relatively large resistance mismatch between 
the two systems. However, there is a known magnetic circular dichroism signal in the 
Ga1-xMnxN system near the middle of the bandgap. If the source of this MCD signal can 
be identified, it may be possible to construct monolithic light emitting diode structures 
with emissions resonant with this MCD signal. By passing the unpolarized absorption 
through the Ga1-xMnxN layer, a circularly polarized output could be detected. Distributed 
Bragg reflectors can be embedded within this structure to increase the probability of a 
circularly polarized absorption and lead to an overall polarization in the output spectrum. 
In reverse bias, these devices might be used for polarization sensitive detectors for 


















Figure 7.1 Schemating of light emitting diode or photodetector structures that take 
advantage of magnetic circular dichroism features observed in Ga1-xTMxN 
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7.2.2 Magnetic memory elements 
 
The integration of magnetic and semiconductor functionality within a single package has 
long been a goal of the burgeoning field of spintronics. This research in dilute magnetic 
semiconductors has produced an exciting tangential result: a strong Mn-Mn self-
interaction energy stabilizes Mn-rich atomic configurations, resulting in compositional 
fluctuations and phase segregation. This stabilization of commensurate metastable 
magnetic phases within the semiconductor lattice provides an avenue for the development 
of entirely new paradigms for multifunctional devices. This could be exploited for the 
MOCVD growth of regular arrays of high density embedded magnetic nanoparticle-








Figure 7.2: a) Nanopillar arrangement of embedded ferromagnetic MnN columns in 
GaN matrix b) Embedded dot-like array of MnN (red) in GaN (yellow) 
nanocomposite. These could be incorporated in the future into integrated high density 




high-density data storage. Routes to explore the regular arrays of embedded magnetic 
nanostructures as the building block for memory elements could be developed through 
the seeding of substrates with ion implantation techniques. Figure 7.2 shows some 
conception embedded cluster arrangements and devices based on this materials system. 
In epitaxial thin film growth processes, the bulk diffusion simulation and 
modeling approach does not work well, since growth proceeds by a layer-by-layer 
process. As such, three-dimensional diffusion is much slower - typically 3-4 orders of 
magnitude - than two-dimensional surface diffusion. In order to develop a more realistic 
model for what occurs during the growth process, another Monte Carlo simulation 
technique was developed, which accounts for layer-by-layer growth [213]. Randomly 
distributed Mn and Ga atomic fluxes are incident on the surface, which then diffuse to 
form two dimensional clusters before the next layer is added. Provided there is a strong 
enough interaction between the buried layers and the surface layers, the Monte Carlo 
simulation predicts the formation of a pillar-like “Konbu” phase, as shown in Figure 7.3. 
  
Figure 7.3: Predicted Mn-distribution via Monte Carlo simulations of the layer-by-
layer growth of a III-Mn-V semiconductor. Note that if the appropriate Mn-rich 
patterned template is used (figure a), the Mn rich phases is predicted to align in 




Such a periodic arrangement of embedded magnetic nanostructures would be useful for a 
number of applications, such as magnetic sensing elements, or by controlling the growth 
parameters to produce a 3-D array of structures that could be useful ultra-high density 
(>terabit/in2) magnetic memories [213]. Moreover, similar nanopillar shapes in Si-Ge 
alloys have resulted in a strong magnetoelectric coupling between semiconductor carriers 
and the magnetic features [214]. This could form the basis of carrier-controlled spintronic 
devices. 
7.3 Closing Statement 
Wide bandgap dilute magnetic semiconductors were thought to be promising materials 
for next generation spin electronic devices. Through a careful study and development of 
Zn1-xMnxO and Ga1-xTMxN, this work has shown that the traditional paradigms available 
in more well-established DMS are not necessarily applicable and some of the 
assumptions used to predict room temperatre ferromagnetism in this system do not 
necessarily hold. New and exciting properties of this materials system were discovered, 
however, suggesting that these materials are still a promising resource for future 
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